





































































Gene	duplication	underlies	 the	origin	of	novel	 genes	with	potential	new	 functions	 that	




imately	40%	of	 other	homeodomain	 containing	 genes.	 This	 supports	 the	 finding	 that	 there	
was	 a	 whole	 genome	 duplication	 (WGD)	 event	 in	 the	 common	 ancestor	 of	 these	 animals	
(Arachnopulmonata)	that	is	not	found	in	outgroups	like	ticks,	mites	and	harvestmen.	Studies	
of	other	known	animal	WGDs	have	shown	how	these	events	are	often	associated	with	an	in-






































































































































































the	 DNA.	 Several	 mechanisms	 of	 DNA	 modification	 through	 which	 evolution	 can	 act	 have	














the	 same	 gene	 would	 cause	 functional	 redundancy,	 relaxing	 selection	 on	 both	 duplicates4.	
This	creates	a	unique	opportunity	for	the	accumulation	of	mutations	in	both	protein	coding	
and	regulatory	sequences,	which	may	lead	to	changes	in	either	protein	structure	and/or	gene	
expression.	 These	 changes	 can	 give	 rise	 to	 a	 novel	 function	 or	 subdivide	 the	 different	 pre-
existing	 functions	 between	 paralogs,	 allowing	 functional	 specialization1,3,4.	 For	 this	 reason,	











and,	 due	 to	 the	 lack	 of	 regulatory	 sequences,	 they	 rarely	 give	 rise	 to	 fully	 functional	 genes	
(e.g.	 out	 of	 3,771-18,700	 retrocopies	 found	 in	 the	 human	 genome,	 only	 120-692	 are	 retro-














Figure	 1.1:	Origin	 of	 duplicated	 genes.	 (A)	Tandem	duplication	by	unequal	 crossing	over	 that	 is	
caused	 by	 the	 recombination	 of	 two	 paralogous	 but	 highly	 similar	 sequences	 (purple	 boxes)1.	 (B)	
Formation	of	a	symmetrical	tandem	inversion	duplication	by	incorrect	repair	synthesis	after	a	DNA	
break.	 This	 is	 caused	 by	 palindromic	 sequences	 (red	 boxes)	 which	 can	 snap	 back	 to	 prime	 repair	
synthesis.	A	second	pair	of	palindromic	sequences	facilitates	template	switching6.	(C)	Creation	of	an	




ry	 chromosome	 is	 duplicated	 (Fig.	 1.1	 D)9.	 This	 is	 followed	 rediploidization,	 a	 process	 in	
which	dramatic	DNA	changes	reinstate	correct	homologous	chromosome	pairing	and	resolve	
gene	 dosage	 imbalances10.	 The	 retained	 duplicated	 genes	 that	 originated	 from	 WGD	 are	
commonly	 termed	 ohnologs11.	WGDs	were	 thought	 to	 be	 rare	 events	 in	 animals,	 however,	
with	 the	 enrichment	 of	 genomic	 data	 over	 the	 last	 two	 decades,	 several	 instances	 of	WGD	









plicated	 genes	 is	 that	 of	 non-functionalization	 or	 pseudogenization	 (~95%	 of	 duplicated	






copies,	 which	 is	 maintained	 by	 strong	 purifying	 selection2,3.	 Alternatively,	 to	 escape	
pseudogenization,	one	or	both	copies	can	diverge	in	function	during	the	relatively	short	peri-
od	of	their	half	life	that	follows	duplication15.	This	can	be	achieved	by	subdividing	the	original	






an	 opportunity	 to	 partition	 these	 functions	 between	 each	 duplicate,	 lifting	 functional	 con-
straints	 and	 allowing	 specialization.	 This	 process	 of	 subfunctionalization	 can	 be	 accom-
plished	at	the	protein	level	and/or	at	the	level	of	regulation	of	gene	expression	(Fig.	1.2)3.	An	
example	of	the	former	is	the	duplication	and	specialization	of	a	digestive	RNase	in	the	colo-
bine	monkeys17.	Colobine	monkeys	have	 two	copies	of	 this	enzyme	 (RNase1	and	RNase1B)	
4	 	
while	other	primates	only	have	one,	which	have	roles	 in	both	digestion	and	degradation	of	
double-stranded	RNA.	The	 colobine	monkey	RNase1	 retained	 the	dsRNA	degradation	 func-





by	 which	 this	 outcome	 is	 accomplished	 is	 the	 Duplication-Degeneration-Complementation	
(DDC)	model21.	The	DDC	model	hypothesises	that	degenerative	mutations	are	accumulated	in	
the	regulatory	sequences	of	both	copies,	complementing	each	other	in	such	a	manner	that	the	
original	 expression	 domains	 are	 partitioned	between	duplicates	 (Fig.	 1.2	B)1,21.	 This	model	
demonstrates	 how	 duplicates	 can	 be	 maintained	 in	 a	 scenario	 of	 neutral	 selection,	 after	
which	positive	selection	can	optimize	these	subfunctions21.	One	example	of	this	type	of	sub-
functionalization,	which	is	often	termed	specialization,	is	the	temporal	subdivision	of	expres-
sion	of	 the	α-globin	and	β-globin	gene	 clusters,	which	are	 the	product	of	 several	 rounds	of	
gene	duplication22.	Genes	from	each	cluster	are	differentially	expressed	throughout	develop-


























WGD	 events	 are	 generally	 regarded	 as	 major	 contributors	 of	 organismal	







Subfunctionalization,	 resulting	 in	 the	 partition	 of	 functions	 A	 and	 B	 between	 each	 duplicate;	
Neofunctionalization,	one	paralog	acquires	the	ancestral	functions	while	the	other	copy	acquires	





















only	 possible	 through	 the	 coordinated	 evolution	 of	 gene	 regulatory	networks	 (e.g.	 utilising	
homeobox	and	T-box	genes)	and	signal	transduction	pathways	(e.g.	Wnt	and	Toll	pathways),	
a	process	only	achievable	through	the	duplication	of	entire	gene	families37.	Examples	of	this	
are	 the	 TGF-β	 pathway,	which	 underwent	 a	 dramatic	 expansion	 of	 its	 core	 genes	 in	 verte-
brates	after	the	2R-WGD38,	and	the	homeobox	gene	Superclass39,	which	will	be	discussed	in	
more	detail	 in	Chapter	 I.	 It	has	also	been	suggested	that	 the	duplication	of	key	genes	 in	the	
apoptosis	pathway,	alongside	the	apparently	biased	retention	of	genes	expressed	in	neuronal	
tissue,	could	have	been	a	decisive	step	 for	 the	evolution	of	 the	complex	vertebrate	nervous	
system27,40,41.	Lastly,	a	recent	study	found	evidence	for	the	enrichment	of	open	chromatin	re-
gions	in	gene	families	with	multiple	ohnologs,	as	well	as	a	prevalence	of	specialisation	in	re-









Arachnids	 are	 a	 class	 of	 arthropods	 belonging	 to	 the	 subphylum	 Chelicerata,	 a	 sister	
group	 to	 Myriapoda	 and	 Pancrustacea	 in	 the	 arthropod	 phylogeny	 (Fig.	 1.3)43.	 The	 class	





of	Araneae	with	Pedipalpi	 (Amblypygi,	 Schizomida	and	Thelyphonida),	 forming	 the	Tetrap-
ulmonata	clade,	and	the	addition	of	Scorpiones	to	this	group	is	also	well	supported,	establish-
















Encompassing	 some	 of	 the	 most	 specious	 and	 successful	 orders	 of	 animals	 (e.g.	 over	
45,000	described	spider	species	with	a	wide	range	of	habitats),	arachnids	display	a	vast	mor-




all	 arachnopulmonata,	 the	 telson	 sting	 in	 scorpions	 and	 the	 spinnerets	 in	 spiders.	 Recent	
studies	have	found	evidence	to	support	the	existence	of	a	WGD	event	in	the	common	ancestor	
of	spiders	and	scorpions,	which	 led	to	the	retention	of	ohnologs	of	several	developmentally	







With	 available	 genome	 and	 transcriptome	 sequencing	data,	 and	 an	 increasing	 array	 of	
molecular	tools,	the	spider	Parasteatoda	tepidariorum	has	emerged	as	one	of	the	main	arach-

















Figure	 1.4:	 Parasteatoda	 tepidariorum	 and	 Phalangium	opilio	 early	 embryogenesis.	 Early	
stages	of	embryonic	development	of	P.	opilio	(A-E)	and	P.	tepidariorum	(F-L)	analysed	in	this	the-
sis.	Anterior	is	to	the	left	in	all	images	except	F-G’.	Arrowheads	mark	the	direction	of	the	expand-













well	 as	 transcriptome	 sequencing	 data,	 are	 available	 for	 this	 species61,63.	Maintenance	 of	 a	
Figure	 1.5:	 Parasteatoda	 tepidariorum	 and	 Phalangium	 opilio	 early	 embryogenesis.	 Early	
stages	of	embryonic	development	of	P.	opilio	(A-F)	and	P.	tepidariorum	(G-L)	analysed	in	this	thesis.	
Anterior	is	to	the	left	in	all	images.	Arrows	mark	the	four	pairs	of	opisthosomal	limb	buds	that	rep-
resent	 the	 developing	 the	 tracheal	 system	 (O2),	 book	 lungs	 (O3)	 and	 spinnerets	 (O4	 and	 O5).	
Dashed	lines	mark	mark	the	dorsal	and	ventral	borders	of	the	developing	neuroectoderm.	PcL,	Pre-
cheliceral	lobes;	Sto,	stomodeum;	Lb,	labrum;	Ne,	neuroectoderm;	VS,	ventral	sulcus;	Ch,	chelicerae;	







ysis	due	 to	 technical	 limitations.	P.	opilio	 offers	 an	 excellent	model	 to	 infer	 the	 state	of	 the	






plications	 of	whole	 genome	 duplication	 in	 evolution	 and	 diversification	 of	 animal	 lineages,	
with	an	established	model	organism	in	 the	spider	P.	tepidariorum.	The	harvestmen	P.	opilio	
provides	a	closely	 related	species	 from	which	 to	 infer	 the	ancestral	 state	of	arachnopulmo-
nate	ohnologs,	 allowing	us	 to	distinguish	between	conserved	and	novel	patterns	of	 expres-
sion.	At	a	more	functional	 level,	 the	 investigation	of	duplicated	gene	functions	 in	key	devel-
opmental	processes,	such	as	segmentation	and	eye	development,	would	help	us	better	under-










–	 Gene	 expression	 pattern	 characterisation	 and	 comparison	 of	 selected	 duplicated	
homeobox	 genes	 in	P.	 tepidariorum	 and	 their	 single-copy	 orthologs	 in	P.	 opilio,	 identifying	





















A	duplicated	 SoxB	 gene	 in	 the	 spider	P.	 tepidariorum	 (Pt-Sox21b-1)	was	previously	 re-
ported	to	have	a	role	in	segmentation66.	Moreover,	it	appears	to	affect	both	anterior	and	pos-












members	 of	 this	 key	developmental	 network	 to	 be	duplicated67,68.	 Additionally,	 despite	 the	
fact	 that	Wnt	signalling	plays	a	crucial	 role	 in	eye	development	of	both	 insects69	and	verte-
brates70,	the	question	of	whether	or	not	this	is	also	true	in	arachnids	remains	to	be	addressed.	
13		
A	 total	 of	 five	Wnt	 genes	 are	 expressed	 in	 the	 developing	 head	 of	 P.	 tepidariorum,	 one	 of	
which	is	duplicated	(Pt-Wnt7.2)71.	Furthermore,	expression	of	atonal	orthologs	has	yet	to	be	
characterised	 in	P.	 tepidariorum,	 along	with	 two	 additional	 copies	 of	Pax6	 genes	 that	were	
recently	identified72.	All	this	taken	into	account,	WGD	could	have	played	a	role	in	the	evolu-

























To	 identify	 homeobox	 genes	 in	P.	opilio,	 I	 performed	 a	TBLASTP	 search	 (e-value	0.05)	
against	 the	 available	P.	 opilio	 transcriptome	 (PRJNA236471)61,	 using	 all	 the	 homeodomain	
protein	sequences	available	from	HomeoDB74,75	combined	with	the	homeodomain	sequences	
from	 P.	 tepidariorum	 as	 the	 query.	 TBLASTP	 hits	 were	 then	 individually	 analysed	 in	 the	
ORFfinder	 NCBI	 online	 tool	 (https://www.ncbi.nlm.nih.gov/orffinder/;	 default	 settings	 ex-
cept	in	‘ORF	start	codon	to	use’	setting,	where	I	used	the	‘Any	sense	codon’	option	to	retrieve	
gene	fragments	lacking	a	start	codon)	to	obtain	predicted	protein	sequences.	The	longest	ob-




homeobox	 genes	 or	 transcripts	 with	 highly	 divergent	 homeodomains	 might	 have	 been	




A	 similar	 approach	 to	 that	 above	 was	 used	 to	 identify	 the	 Sox	 gene	 repertoires	 of	 C.	
sculpturatus,	P.	opilio,	 I.	 scapularis	 and	S.	maritima.	 HMG	domain	 sequences	 of	P.	 tepidario-
rum,	Stegodyphus	mimosarum	and	D.	melanogaster	available	from	Paese	et	al.	65	were	used	as	
queries	 against	 the	 available	 genomic	 and	 transcriptomic	 resources	 (C.	 sculpturatus	 –	









Protein	 sequence	 alignments	 of	 HMG	 domains	 from	P.	 tepidariorum,	C.	 sculpturatus,	P.	
opilio,	I.	scapularis,	S.	maritima,	T.	castaneum	and	D.	melanogaster	were	generated	in	MEGAv7	
using	 MUSCLE	 (default	 settings).	 Phylogenetic	 analysis	 was	 performed	 using	 the	 RAxML	
tool76	with	the	PROTGAMMALG	amino	acid	substitution	model	(1000	bootstraps,	rapid	boot-
















The	desired	gene	 fragments	were	amplified	 from	cDNA	(mixed	stages,	1-14	 for	P.	 tepi-
dariorum	and	7-17	 for	 P.	 opilio)	 by	 a	 standard	PCR	method	using	OneTaq®	2x	Master	Mix	
(New	England	Biolabs,	NEB).	A	 second	PCR	was	performed	using	 the	purified	PCR	product	
from	the	first	PCR	(NucleoSpin®	Gel	and	PCR	Clean-up	kit,	Macherey-Nagel),	the	gene	specific	
forward	 primer	 and	 a	 3’	 T7	 universal	 reverse	 primer	 targeting	 the	 linker	 sequence	 (Table	
S4).	The	resulting	PCR	products	were	run	on	an	agarose	gel	 (1-2%),	and	the	band	with	 the	











quencing	 (ThermoFisher	 Scientific).	 Colony	 PCR	was	 performed	 using	 OneTaq®	 2x	Master	
Mix	 (NEB)	 and	M13	universal	primers	 (Table	 S4).	 Purified	plasmids	were	 sequenced	using	




M13	 universal	 primers	 and	OneTaq®	 2x	Master	Mix	 (NEB),	 and	 purified	 using	 the	Nucleo-
Spin®	Gel	and	PCR	Clean-up	kit	(Macherey-Nagel).	





Sense	 and	 antisense	 RNA	 probe	 synthesis	 was	 performed	 using	 T3	 (11031163001,	
Roche)	 or	 T7	 polymerase	 (10881775001,	 Roche)	 with	 either	 DIG	 RNA	 labelling	 mix	











ing	 the	 protocol	 in	Akiyama-Oda	 54	with	minor	modifications.	After	 transition	 to	methanol,	
the	embryos	were	 left	 in	this	solution	for	at	 least	30	min	at	room	temperature,	 followed	by	










nol	 treatment,	 embryos	were	 incubated	 for	10	minutes	 in	 inactivation	buffer	 (75	g	glycine,	
600	μL	1N	HCl,	50	μL	10%	Tween-20	and	dH2O	 to	10	mL),	 followed	by	3	wash	steps	with	
PBS-T,	washed	5	min	 in	 50%	ethanol	 in	 PBS-T,	washed	 in	 100%	ethanol	 until	 background	
had	decreased,	washed	for	5	minutes	in	50%	ethanol	in	PBS-T	and	finally	washed	twice	with	
PBS-T.	Embryos	were	then	counterstained	with	DAPI	(1:2000;	10236276001,	Roche)	for	~20	





a	 protocol	modified	 from	Clark	 et	al.	 78.	 Embryos	were	 gradually	moved	 from	methanol	 to	
PBS-T	and	washed	for	15	minutes	twice	in	PBS-T.	Embryos	were	then	transferred	to	hybridi-
zation	 buffer,	 hybridized	 overnight	 at	 65°C	 and	 washed	 post-hybridization	 as	 detailed	 in	
Prpic	et	al.	77.	2	μL	of	each	probe	(DIG-	and	FITC-labelled)	were	used	in	the	hybridization	step.	
Incubation	 in	 AP-conjugated	 anti-DIG	 (1:2000;	 11093274910,	 Roche)	 and	 POD-conjugated	
anti-FITC	 (1:2000;	 11426346910,	 Roche)	 was	 carried	 out	 for	 two	 hours,	 following	 30	
minutes	incubation	in	1x	Blocking	solution77.	Tyramide	biotin	amplification	(TSA	Plus	Biotin	























Embryonic	 injections	 were	 carried	 out	 as	 described	 in	 Schönauer	 et	 al.	 80	 with	minor	
changes.	Embryos	were	injected	between	the	8-	and	16-cell	stages	with	a	mix	of	5	μl	of	FITC-
dextran,	5	μl	of	biotin-dextran	and	2.5	μl	of	dsRNA.	Embryos	were	subsequently	fixed	at	stag-
es	 5-8.2	 of	 development.	 Visualization	 of	 eRNAi	 clones	 was	 achieved	 by	 detecting	 the	 co-












The	Homeobox	gene	superclass	 is	a	 large	gene	family	that	 is	mostly	comprised	of	tran-
scription	factors	(e.g.	human	CERS2	and	CERS6	encode	for	transmembrane	proteins),	which	
are	 characterised	 by	 an	 ancient	 and	 conserved	 DNA-binding	 domain:	 the	 homeodomain81.	
They	bind	 to	DNA	and	 interact	with	protein	cofactors	 to	regulate	gene	expression39.	 In	ani-
mals,	homeobox	genes	are	further	divided	into	11	classes:	ANTP,	PRD,	LIM,	POU,	SINE,	TALE,	











sue	or	organ	(e.g.	neuron,	muscle	or	eyes)39,84.	An	example	of	 this	 is	 the	case	of	eyeless	 (ey)	
and	sine	oculis	(so)	genes	in	Drosophila,	which	are	crucial	factors	for	the	regulation	of	eye	de-
velopment85–87.	 Absence	 of	 expression	 of	 any	 of	 these	 genes	 leads	 to	 eye	 abnormalities	 or	
even	complete	eye	 loss85–87.	Furthermore,	ectopic	expression	of	ey	or	so	can	 lead	to	the	 for-

























expression	 of	 Hox	 genes	 correlates	with	 specific	 characteristics	 of	 the	 vertebrate	 skeleton,	
such	as	the	cervical	to	thoracic	transition	and	forelimb	formation,	which	are	both	correlated	















These	 findings	 contributed	 greatly	 to	 the	 idea	 that	 changes	 in	 expression,	 rather	 than	
changes	 in	protein	 function,	 are	 the	main	mechanism	by	which	a	 conserved	 set	of	 genes	 is	
able	 to	 regulate	 the	development	of	 diverse	morphological	 features39,84,100.	Once	 again,	Hox	
genes	were	the	most	promising	candidates	to	test	this	hypothesis.	One	of	the	first	studies	ad-
dressing	this	compared	Hox	gene	expression	patterns	during	embryogenesis	between	differ-
ent	 vertebrate	 species88.	Anterior	 expression	boundaries	 of	Hox	 genes	were	 revealed	 to	be	
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related	 to	segmental	specialization39,89.	 In	crustaceans,	 shifting	of	 the	anterior	border	of	Ul-
trabithorax	(Ubx)	expression	is	associated	to	the	presence	or	absence	of	maxillipeds101,	and	
in	 chelicerates,	 position	 and	number	 of	 breathing	 organs	 vary	 in	 concert	with	 the	 anterior	
expression	boundary	of	Abdominal-B	(Abd-B)44.	Examples	are	not	restricted	to	members	of	








dem	gene	duplications	 to	 give	 rise	 to	 each	metazoan	homeobox	 class,	which	 explains	 their	
cluster-like	 distribution	 in	 the	 genomes	 of	 extant	 animals103,104.	 Consistent	with	 changes	 in	
Hox	 expression	 associated	with	 changes	 in	 body	 plans,	 as	 discussed	 above,	 certain	 ancient	










plicated	 gene	 clusters,	 including	 the	 Hox	 clusters90.	 It	 is	 now	 commonly	 accepted	 that	 the	
generation	of	multiple	Hox	clusters,	 followed	by	 lineage	specific	divergence	and	differential	









pions112,	 especially	 the	 presence	 of	 two	 Hox	 clusters113,	 which	 led	 to	 the	 discovery	 of	 the	
Arachnopulmonata	WGD	(Fig.	3.1	A)30.	Attempts	to	 identify	 the	whole	repertoire	of	homeo-
box	genes	has	now	been	performed	 for	 two	 spiders	 (P.	tepidariorum	 and	Pholcus	phalangi-
oides),	two	scorpions	(Centruroides	sculpturatus	and	Mesobuthus	martensii)	and	a	tick	(Ixodes	
scapularis)72.	 Between	 50-59%	 of	 all	 homeobox	 families	 are	 duplicated	 in	 the	 spiders	 and	




including	 the	 spider	 P.	 tepidariorum	 and	 the	 harvestmen	 P.	 opilio30,61,89,111,114.	 As	 expected,	
these	are	collinearly	expressed	along	the	AP	axis,	with	the	first	six	genes	of	each	cluster	pat-
terning	 the	 anterior	 prosoma	 (labial,	proboscipedia,	Hox3,	Dfd,	Sex	combs	reduced	 and	 fushi	
tarazu),	 and	 the	 remaining	 four	 pairs	 of	 duplicates	 patterning	 the	 posterior	 opisthosoma	
(Antp,	Ubx,	abdominal-A	 and	Abd-B)	 (Fig.	 3.1	 B)44.	 Expression	 boundaries	 of	 prosomal	Hox	
genes	are	apparently	conserved	between	all	the	species	studied	so	far,	which	is	reflective	of	
the	highly	 conserved	 structure	of	 this	 tagma	within	Arachnida61.	However,	 for	 the	opistho-
somal	 Hox	 genes,	 a	 different	 pattern	was	 observed,	 with	 the	 anterior	 boundaries	 of	 these	
genes	found	to	be	variable	between	species	of	different	orders,	a	result	that	closely	correlates	
with	 lineage	specific	differences	 in	opisthosomal	morphology	 (e.g.	position	of	breathing	or-










role	 as	 an	 organiser	 of	 anterior	 regionalization	 in	 spider	 embryogenesis58.	 Expression	 pat-
terns	of	Otx,	Pax4/6,	Six1/2	and	Six3/6	family	members	have	been	analysed	with	respect	to	
eye	development	in	two	spiders	and	a	harvestmen,	providing	some	insight	on	the	evolution	of	









erates.	 (A)	Homeobox	 gene	 number	 by	 gene	 family	 for	 three	Mandibulates	 and	 eight	 Arachnids.	
Adapted	 from	Leite	et	al.	 72.	There	 is	a	 clear	 increase	 in	gene	number	 in	Arachnopulmonata	when	
compared	to	other	Arthropods.	Note	that	the	Phalangium	data	 is	a	result	 from	this	thesis.	 (B)	Hox	
gene	expression	in	relation	to	the	variable	body	plans	of	Chelicerates.	Variation	 in	the	anterior	ex-
pression	boundaries	of	posterior	Hox	genes	closely	correlates	with	posterior	segment	identity,	such	




Therefore,	 considerable	 work	 has	 already	 been	 carried	 out	 on	 duplicated	 homeobox	
genes	of	spiders	and	scorpions,	although,	a	more	systematic	approach	to	address	the	impact	
















species	 (I.	scapularis	 –	96/70,	S.	maritima	 –	113/83,	Tribolium	castaneum	 –	105/80,	 and	D.	
melanogaster	–	104/80)72.	










struction	of	 the	 ISH	RNA	probes	needed	 for	 the	 subsequent	gene	expression	analysis.	Note	
that	data	produced	from	this	analysis	was	also	used	in	the	construction	of	a	phylogenetic	tree	






arachnopulmonate	WGD,	 I	 characterised	 the	 expression	 patterns	 of	 duplicated	 genes	 in	 P.	
tepidariorum	and	their	corresponding	single-copy	orthologs	in	P.	opilio	by	means	of	ISH.	I	fo-





rum,	 allowing	me	 to	 infer	 the	possible	ancestral	 state	of	 these	duplicated	gene	 families	and	




Cux	of	 the	CUT	class	and	Zfh	of	 the	ZFH	class.	Note	that	some	of	 these	genes	arose	through	
tandem	 gene	 duplication	 that	 likely	 preceded	WGD,	 namely	 Emx,	 Lhx2/9	 and	 Irx	 genes72.	
Embryos	ranging	from	stage	5	to	stage	12	were	used	for	P.	tepidariorum	and	from	stage7	to	
stage	 17	 for	P.	opilio,	 allowing	 a	 broad	 overview	 of	 homeobox	 gene	 expression	 during	 the	






the	midbrain/hindbrain	boundary	 in	both	 insects	and	vertebrates119,120.	 In	D.	melanogaster,	
the	Gbx	 family	member	unplugged	 also	plays	a	role	 in	 the	development	of	 the	 tracheal	sys-
tem122.	
Two	 copies	 of	 Gbx	 were	 previously	 identified	 in	 the	 P.	 tepidariorum	 (Pt-Gbx1	 and	 Pt-
Gbx2)	 and	 I	was	able	 to	 identify	one	homologous	 sequence	 in	P.	opilio	 (Po-Gbx).	Po-Gbx	 ex-






ISH	with	 a	Pt-Gbx1	 probe	produced	no	distinguishable	 signal,	 suggesting	 this	 gene	has	
lost	embryonic	expression.	Pt-Gbx2	expression	was	observed	in	the	prosomal	appendages	in	
a	 similar	pattern	of	 that	of	Po-Gbx	 (Fig	3.2	B	and	B’’).	However,	neuroectoderm	expression	
appeared	to	be	missing	from	Pt-Gbx2	compared	to	Po-Gbx	(Fig.	3.2	B’).	Interestingly,	a	poten-
tial	 novel	 expression	domain	was	 seen	at	 the	base	of	 each	opisthosomal	 limb	bud	 (Fig.	 3.2	
B’’’).	










Unlike	 other	members	 of	 the	 Hox	 cluster,	Hox3	 genes	 have	 highly	 divergent	 functions	



















A),	which	 fades	 away	 during	 stage	 7.	 This	 expression	 pattern	 appears	 to	 be	 specific	 to	Pt-
Hox3a,	since	Pt-Hox3b	expression	is	only	detected	from	stage	8.1	onwards	(Fig.	3.3	B).	How-
ever,	it	is	possible	Po-Hox3	is	also	expressed	in	this	domain,	as	analysis	of	Po-Hox3	expression	
on	similar	 stages	during	P.	opilio	 embryogenesis	was	not	performed.	As	 it	 stands,	 the	Hox3	
Figure	3.3:	Expression	patterns	of	P.	tepidariorum	Hox3	genes.	(A)	Expression	pattern	of	
Pt-Hox3a	in	a	stage	6	embryo	(flatmount).	(B-D’)	Expression	pattern	of	Pt-Hox3b	in	stage	8.1	







Dbx	 homeobox	 family	 members	 play	 roles	 in	 embryonic	 development	 of	 the	 central	













expression	 at	 the	 base	 of	 prosomal	 appendages	 (yellow).	 Ch,	 chelicerae;	 Pp,	 pedipalps;	 L1-L4,	
walking	legs	1-4.	
32	 	
neuroectoderm	 is	 restricted	 to	 four	clusters	of	cells	 in	 the	pre-cheliceral	 region	(Fig.	3.4	A)	
and	two	clusters	of	cells	per	prosomal	segment	in	the	ventral	neuroectoderm	(Fig.	3.4	A’).	




These	results	 suggest	 that	Po-Dbx	 expression	 in	 the	neuroectoderm	 is	conserved	 in	Pt-
Dbx1,	and	that	Pt-Dbx2	appears	not	to	be	expressed	during	embryogenesis.	Expression	in	the	
prosomal	appendages	was	only	detected	in	Po-Dbx,	representing	either	a	loss	of	this	expres-
sion	 domain	 in	 both	 copies	 of	P.	 tepidariorum	 or	 a	 lineage-specific	 gain	 in	 the	 harvestmen	












A’’’).	 The	 expression	 extends	distally	 from	base	 to	 the	middle	 of	 each	prosomal	 appendage	
(Fig.	 3.5	 A).	 At	 stage	 13,	 expression	 in	 segmental	 clusters	 of	 cells	 is	 observed	 in	 the	 neu-
roectoderm	(Fig.	3.5	B’),	and	 in	a	group	of	cells	 in	 the	pre-cheliceral	region	(Fig.	3.5	B).	Ex-




















Overall,	 the	 expression	 pattern	 observed	 for	Po-Emx	 appears	 to	 have	 been	 subdivided	




The	Msx	homeobox	gene	 family	 is	 composed	of	 transcriptions	 factors	with	highly	 con-

















a	 ring-like	 domain	 (red)	 of	 prosomal	 appendages.	 Arrows	mark	 expression	 in	 the	 pre-cheliceral	













sion	 is	restricted	 to	a	cluster	of	cells	at	 the	mid-ventral	region	of	 the	chelicerae	 that	 is	 first	
visible	at	stage	9.2	(Fig	3.6	L-N),	an	expression	domain	not	detected	for	Po-Msx.	Expression	at	
the	base	of	 the	prosomal	appendages,	similar	 to	 the	one	observed	for	Po-Msx,	was	detected	
for	Pt-Msx3	(Fig.	3.6	O-P’).	Pt-Msx3	expression	is	also	present	in	the	opisthosomal	limb	buds	
(Fig.	3.6	O-P’).	
In	 conclusion,	Po-Msx	 is	 expressed	 in	 the	developing	nervous	 system	and	presumptive	
developing	muscle,	as	expected	of	 the	known	roles	of	 this	homeobox	family	 in	the	develop-




ly,	 Pt-Msx2	 shows	 an	 interesting	 restricted	 domain	 of	 expression	 in	 the	 chelicerae,	 which	

















and	11	(N,	N’)	embryos.	Anterior	is	 to	the	 left	 in	all	images	except	E	and	F.	Arrowheads	mark	ex-






















Genes	 of	 the	 Nk2.2	 homeobox	 family	 have	 conserved	 roles	 in	 the	 development	 of	 the	
nervous	systems	of	insects	and	vertebrates133,139.	In	D.	melanogaster,	the	Nk2.2	family	mem-
































strated	the	role	of	 this	gene	 in	head	segmentation	of	 this	spider58.	Furthermore,	expression	
analysis	of	Pt-Otx2	in	the	developing	head	of	P.	tepidariorum	is	suggestive	of	a	role	in	eye	de-








levels	(Fig.	3.8	D-E’),	 fading	away	at	 later	stages.	 I	was	also	able	 to	detect	an	additional	do-
main	of	expression	in	the	opisthosomal	limb	buds	from	stage	9.2	onwards	(Fig.	3.8	D’	and	E’).	
Pt-Otx2	 expression	 is	 first	detected	at	 stage	8.2,	 in	 the	 same	pre-cheliceral	 band	of	 ex-
pression	 as	Pt-Otx1	 (Fig.3.8	 F	 and	 F’).	 At	 stage	 9.1,	 expression	 in	 the	 pre-cheliceral	 region	
separates	 into	 two	 distinguishable	 groups	 of	 cells	 in	 each	 head	 lobe,	 with	 one	 pair	 corre-




















mal	 organs	 in	Pt-Otx1.	 Taken	 together	with	 previously	 published	 data	 on	 this	 gene	 family,	









Po-Pitx	 expression	 was	 first	 detected	 at	 stage	 10,	 in	 two	 clusters	 of	 cells	 in	 the	 pre-
cheliceral	region	(Fig.	3.9	A).	At	stage	14,	the	head	lobe	expression	becomes	restricted	to	the	
mid-anterior	edge	of	the	pre-cheliceral	region	(Fig.	3.9	B).	Additional	expression	was	detect-
ed	at	 this	stage,	 in	small	groups	of	cells	along	the	neuroectoderm	and	as	stripes	 in	opistho-
somal	 segments	 (Fig.	3.9	B’).	This	expression	pattern	 is	maintained	during	 later	embryonic	
stages	(Fig.	3.9	C	and	C’).	
The	two	copies	of	Pitx	present	in	P.	tepidariorum	were	previously	characterised	by	Dan-









those	described	in	D.	melanogaster,	 suggesting	conservation	of	ancestral	 functions144.	 In	the	






























Anterior	 is	 to	the	 left	 in	all	 images.	Arrowheads	mark	expression	at	 the	base	of	 the	prosomal	ap-
pendages	 (red)	 and	 in	 the	 opisthosomal	 organs	 (yellow).	 Arrows	 mark	 expression	 in	 the	 pre-










Pt-Ap1	 appears	 to	 be	 first	 expressed	 at	 stage	 9.2	 in	 the	 prosomal	 appendages	 and	 as	






I’).	 This	 pattern	 is	 confined	 to	 the	 opisthosomal	 limb	buds	 at	 stage	10.2,	 and	prosomal	 ex-
pression	appears	at	the	base	of	the	appendages	(Fig.	3.10	K	and	K’).	An	additional	domain	can	
be	also	observed	 in	 the	pre-cheliceral	 region,	 just	 above	 the	anterior	 furrows	 (Fig.	3.10	K).	
This	pattern	remains	unchanged	during	subsequent	stages	(Fig.	3.10	L-M’).	In	contrast	to	its	
paralogs,	 ISH	for	Pt-Ap3	produced	no	clear	signal,	which	suggests	this	copy	 is	no	 longer	ex-
pressed	during	embryogenesis.	






cesses	 in	 both	 vertebrates	 and	 insects,	which	 include	 growth	 regulation,	 dorsoventral	 pat-




My	survey	of	homeobox	genes	 found	 three	copies	of	 Irx	 in	P.	opilio,	which	 is	 similar	 to	
other	non-WGD	arthropod	species72.	Four	copies	of	Irx	genes	are	present	in	the	genome	of	P.	






















mainly	 expressed	 at	 the	 edge	 of	 the	 germ	band,	with	 a	 few	 additional	 domains	 in	 the	 pre-




In	 summary,	 the	 expression	 observed	 for	 Po-Irx1	 appears	 to	 be	 subdivided	 between	













mount),	8.1	(M),	8.2	(N-N’),	9.2	(O-O’’’)	and	10.2	(P)	embryos.	Anterior	 is	 to	the	 left	 in	all	 images.	















pattern	of	Po-ct	 in	stage	13	(A-A’’’)	and	17	(B,	B’)	embryos.	 (C-D’)	Expression	pattern	of	Pt-ct1	 in	
stage	10.2	(C)	and	11	(D,	D’)	embryos.	(E-G)	Expression	pattern	of	Pt-ct2	in	stage	9.2	(E),	11	(F,	F’)	
and	12	(G)	embryos.	Anterior	is	to	the	left	in	all	images.	Arrowheads	mark	expression	at	the	poste-







pattern	 in	 the	 prosomal	 appendages	 consists	 of	 one	 (chelicerae),	 two	 (pedipalps)	 or	 three	
rings	(walking	legs),	as	well	as	expression	at	the	tip	of	pedipalps	and	walking	legs	(Fig.	3.12	







germ	band	(Fig.	3.12	C-D’),	whilst	Pt-ct2	has	 retained	expression	 in	 the	posterior	 segments	
and	prosomal	appendages	(Fig.	3.12	E-G).	
Expression	analysis	of	Po-ct	suggests	that	the	putative	ancestral	patterns	were	subdivid-








The	 two	 copies	 of	Zfh	 present	 in	P.	 tepidariorum	 genome	were	previously	 analysed	by	
Daniel	Leite72.	However,	 characterization	of	 the	single-copy	 found	 in	P.	opilio	helped	distin-
guish	between	potential	novel	and	ancestral	expression	domains.	At	stage	8,	Po-Zfh	expres-
sion	was	observed	in	the	developing	neuroectoderm	and	in	medial	regions	of	the	early	pro-





































the	 existence	 and	 timing	 of	 the	 two	 WGD	 events	 in	 the	 common	 ancestor	 of	
vertebrates39,75,163–165.	 Identification	of	 the	homeobox	gene	 repertoires	of	 two	putative	non-
WGD	species,	the	urochordate	Ciona	intestinalis	and	the	cephalochordate	Branchiostoma	flor-
idae,	 was	 particularly	 instrumental	 to	 this	 analysis,	 providing	 evidence	 for	 the	 biased	 in-












appear	 to	be	unduplicated,	a	result	consistent	with	 the	scenario	of	a	non-WGD	ancestry	 for	










tention	 and	 functional	 divergence	 after	 the	 arachnopulmonate	WGD.	 Data	 from	 additional	






To	 investigate	 the	 impact	of	WGD	on	 the	evolution	of	homeobox	gene	 function,	 I	 com-
pared	 the	expression	patterns	of	duplicated	homeobox	genes	 in	P.	tepidariorum	 to	 those	of	
their	corresponding	single-copy	orthologs	 in	P.	opilio.	As	previously	stated,	modifications	to	
homeobox	gene	expression	can	result	in	changes	to	their	functional	outcome	and	phenotypic	
consequences39,84.	Therefore,	 if	 the	expression	patterns	of	duplicated	homeobox	genes	 in	P.	
tepidariorum	 represent	 subsets	 of	 the	 single-copy	 expression	 pattern	 observed	 in	P.	opilio,	









lies	are	clear	examples	of	 this,	where	 the	observed	pattern	 in	P.	opilio	has	been	subdivided	
between	 the	 duplicates	 in	P.	 tepidariorum.	 Studies	 of	 duplicated	 homeobox	 genes	 in	 verte-
brates	have	often	found	the	same	scenario,	with	ohnologs	being	expressed	in	similar	tissues	






















A	 third	 scenario	of	 expression	divergence	was	observed,	where	one	duplicate	 retained	
the	pattern	of	the	single-copy	ortholog	whilst	the	other	did	not	seem	to	be	expressed	during	





ble	 functional	 specialization	of	 these	genes	 to	 subsets	of	 cells	 in	 the	 central	 and	peripheral	








ets,	 which	 are	 lineage	 specific	 traits	 of	 the	 Arachnopulmonata	 and	 Araneae	 respectively.	
Thus,	the	duplication	of	these	homeobox	gene	families	could	have	facilitated	the	evolution	of	
these	novel	structures.	In	conclusion,	expression	divergence	was	found	for	most	of	the	home-

















gene	group171.	 In	metazoans,	Sox	genes	can	be	subdivided	 into	10	groups,	 from	Group	A	 to	
Group	 J173,	although,	arthropod	Sox	gene	repertoires	are	restricted	 to	Groups	B,	C,	D,	E	and	
F174,175.	Sox	gene	number	 is	conserved	 in	most	arthropods,	with	4	Group	B	genes	(Dichaete,	
SoxNeuro,	 Sox21a	 and	 Sox21b)	 and	 a	 single	 representative	 of	 Groups	 C-F176.	 Most	 of	 our	










a	 Group	 E	 gene,	 has	 a	 critical	 role	 in	 the	 commitment	 and	 differentiation	 of	mesenchymal	
precursor	 cells	 to	 the	 chondrocyte	 cell	 lineage	 in	humans	and	mice172,	 and	Sox7,	 a	Group	F	
gene,	is	necessary	for	the	proper	development	of	the	cardiovascular	system	in	mice171.	
















Despite	 the	 functional	conservation	of	Sox	genes	(e.g.	CNS	development),	 this	 family	of	
transcription	factors	has	also	acquired	several	novel	functions	during	animal	evolution186,187.	























mammal-specific	Group	A	 (Sry)	and	G	 (Sox15)	genes,	 are	now	known	 to	have	derived	 from	
the	Group	B	genes	Sox3	and	Sox19	respectively191,192,	and	subsequently	acquired	new	roles	in	
male	sex	determination	(Sry)171	and	in	skeletal	muscle	regeneration	(Sox15)193.	
Sox	 gene	 number	 and	 evolution	 has	 also	 been	 highly	 influenced	 by	WGD	 events187,189.	





development	 of	 several	 vertebrate	 innovations	 (see	 above)186,187.	 Furthermore,	 additional	
WGD	events	in	teleosts	led	to	further	expansion	of	Sox	genes,	resulting	in	lineage-specific	di-






vertebrate	WGD	 events30.	Within	 arachnids,	 identification	 of	 Sox	 gene	 repertoires	 has	 only	





dariorum	 (Fig.	 4.1)65.	 This	 represents	 a	 clear	 scenario	 of	 gene	 retention	 upon	WGD,	 as	 Sox	
genes	are	predominantly	 found	as	 single	 copies	 in	other	non-WGD	arthropods65,175.	Moreo-








is	SoxN,	which	 is	consistently	expressed	early	 in	 the	developing	nervous	system65,174–176.	No	
clear	 instances	 of	 sub	 or	 neofunctionalization	were	 found,	with	 the	 expression	 of	 only	 one	


























in	S.	maritima	 (Fig.	4.1).	At	 least	one	 representative	of	 each	of	 Sox	group	was	 found	 for	 all	





ma),	 as	well	 as	 other	 arthropods	 (Parateatoda	tepidariorum,	 Stegodyphus	mimosarum,	Glomeris	mar-
ginata,	Tribolium	castaneum	 and	Drosophila	melanogaster)	 and	 an	 onychophoran	 (Euperipatoides	ka-










Figure	 4.2:	 Panarthropod	 Sox	 HMG	 domain	 phylogeny.	Maximum	 likelihood	 tree	of	HMG	do-









Additional	 SoxB-like	 sequences	 were	 also	 found	 in	 Centruroides,	 Ixodes	 and	 Strigamia,	 alt-
hough,	 much	 like	 other	 previously	 identified	 SoxB-like	 genes	 (i.e.	 Tc-SoxB5	 and	 Ek-SoxB3),	
these	sequences	diverge	significantly	from	other	Group	B	genes	and	therefore	cannot	be	reli-
ably	classified	(Fig.	4.1	and	S1).	
All	non-WGD	arthropods	have	single	copies	of	SoxC	 and	SoxD	 (Fig.	4.1).	 In	arachnopul-
monates,	at	 least	 two	copies	 for	each	of	 these	groups	were	 found,	with	additional	copies	of	
SoxC	 in	Centruroides	(5	in	total)	and	Stegodyphus	(4	in	total)	(Fig.	4.1).	Single	copies	of	SoxE	
are	 present	 in	 Euperipatoides,	 Drosophila	 and	 Tribolium,	 and	 two	 copies	 can	 be	 found	 in	




roides,	 although,	 these	 also	 include	 incomplete	 HMG	 domains	 (Fig.	 4.1	 and	 S2).	 Additional	
SoxE-like	sequences	were	found	in	Strigamia	and	Centruroides,	although	their	sequences	are	
highly	divergent	from	other	SoxE	genes	(Fig.	4.1	and	S2).	Lastly,	a	single	copy	of	SoxF	can	be	
found	 in	Euperipatoides,	Drosophila,	Tribolium,	Glomeris	 and	Stegodyphus,	while	 two	 copies	
are	present	in	Strigamia	and	Parasteatoda,	and	a	total	of	3	sequences	were	recovered	for	Cen-






see	Fig.	S1	and	S2	 for	 sequence	alignment).	Overall,	 the	 tree	supported	 the	classification	of	
most	 sequences	 obtained,	 forming	 monophyletic	 clades	 correspondent	 to	 each	 Sox	 group	


















and	S4	 for	sequence	alignment).	The	sequences	removed	 include	all	Sox-like	 sequences	and	
Gmar-Sox21a	 (incomplete	 sequence).	The	 resulting	 tree	 shows	much	higher	 support	values	
for	Sox	Group	B	(80)	and	Sox	Group	E	(79),	with	Sox	Groups	D	and	F	still	being	very	well	sup-
ported	 (100	and	98	 respectively).	The	only	exception	 is	 the	branch	 leading	 to	Sox	Group	C	
genes	(33),	again,	possibly	due	 to	considerable	sequence	divergence	within	 this	group	(Fig.	
4.3	and	S4).	Monophyly	of	Sox	Groups	E	and	F	 is	also	well	supported	by	this	tree	(80)	(Fig.	




















tunately,	due	 to	 technical	 and	biological	material	 restrictions,	 I	was	unable	 to	analyse	Po-D	
expression.	Pt-D	appears	to	be	ubiquitously	expressed	throughout	embryogenesis	(Fig.	4.4).	
However,	expression	appears	to	be	stronger	in	specific	regions	at	different	stages.	At	stage	7,	























mark	 expression	 at	 the	 edge	 of	 the	 pre-
cheliceral	 region.	 Arrows	 mark	 anterior	
stripes	 of	 expression	 during	 early	 stages	 of	
embryogenesis.	 Ch,	 chelicerae;	 Pp,	 pedi-















at	 the	 tips	of	 the	chelicerae	and	surrounding	 the	 stomodaeum	(Fig.	4.5	G).	By	 stage	11,	 ex-
pression	 in	 the	pre-cheliceral	and	prosomal	regions	 increases	 in	complexity	 (Fig.	4.5	H	and	
H’)	and	midline	expression	fades	away	in	most	of	the	opisthosomal	segments,	replaced	by	a	
dotted	like	expression	(Fig.	4.5	H”).	
Pt-Sox21a-2	 is	mainly	expressed	 in	 the	neuroectoderm,	starting	at	stage	9.1	 in	 the	pre-
cheliceral	 region	 and	 in	 segmental	 clusters	 of	 cells	 (Fig.	 4.5	 I).	 This	 pattern	 is	 maintained	
throughout	embryogenesis,	with	increasing	complexity	in	the	developing	brain	(Fig.	4.5	J-L”).	
At	 later	stages,	an	additional	domain	of	expression	is	 found	at	the	base	of	 the	prosomal	ap-

















































in	 P.	 tepidariorum65.	 Po-Sox21b	 expression	 is	 remarkably	 similar	 to	 that	 of	 the	 previously	
characterised	expression	pattern	of	Pt-Sox21b-165.	Both	 these	genes	are	expressed	 in	a	seg-











orum.	As	 in	 the	previous	 study65,	Pt-SoxC2	 ISH	produced	no	visible	 staining	and	 I	observed	
the	same	neuroectodermal	expression	pattern	 for	Pt-SoxC1	 (Fig.	4.8	C-E).	 In	addition	to	 the	
expression	domains	 previously	 described65,	Pt-SoxC1	 is	 also	 expressed	 in	 the	 opisthosomal	








The	 single	Group	D	gene	of	P.	opilio,	Po-SoxD,	 is	mainly	 expressed	 in	 the	prosomal	 ap-






























This	pattern	of	expression	 is	conserved	 in	Pt-SoxD2	 (Fig.	4.9	G-I”).	Pt-SoxD2	expression	










These	 results	differ	with	 those	of	 the	previous	 study,	which	only	 found	Pt-SoxD1	 to	be	
expressed	in	the	neuroectoderm,	an	expression	domain	not	detected	for	the	single-copy	of	P.	











the	L1,	L2	and	L4	 segments	 (Fig.	4.10	A-A”).	Expression	extends	 to	 the	other	prosomal	ap-
pendages,	 and	 by	 stage	 10.2	 it	 becomes	 restricted	 to	 the	mesodermal	 tissue	 (Fig.	 4.10	 B’),	
with	the	exception	of	the	chelicerae	where	it	is	restricted	to	a	small	group	of	cells	at	the	base	









Figure	 4.10:	 Expression	patterns	 of	P.	 tepidariorum	 SoxE	 genes.	 (A-C”)	Expression	pattern	of	Pt-
SoxE1	in	stage	9.1	(A-A”),	10.2	(B-B”)	and	12	(C-C”)	embryos.	(D-G”)	Expression	pattern	of	Pt-SoxE2	in	
stage	8.2	(D,	D’),	9.1	(E,	E”),	10.2	(F-F”)	and	12	(G-G”)	embryos.	Anterior	is	to	the	left	in	all	images.	Ar-
rowheads	 mark	 different	 expression	 domains	 of	 Pt-SoxE1	 (black)	 and	 Pt-SoxE2	 (yellow)	 in	 the	 pre-
cheliceral	region,	and	expression	 in	the	opisthosomal	organs	(red).	Arrows	mark	different	 expression	








Figure	 4.11:	 Expression	patterns	 of	P.	tepidariorum	SoxF	 genes.	 (A-C”)	Expression	pattern	of	
Pt-SoxF1	 in	 stage	9.2	 (A-A”),	10.2	(B-B”)	 and	12	(C-C”)	 embryos.	 (D-F”)	Expression	pattern	of	Pt-
SoxE2	 in	stage	9.2	 (D-D”),	10.2	(E-E”)	and	12	(F-F”)	embryos.	Anterior	 is	 to	 the	 left	 in	all	 images.	
Arrowheads	 mark	 expression	 in	 the	 opisthosomal	 organs	 (red)	 and	 at	 the	 edge	 of	 the	 non-














the	 expression	 pattern	 of	 both	 previously	 identified	 copies	 of	 P.	 tepidariorum65.	 As	 with	
Group	E	genes,	my	results	were	different	than	those	of	the	previous	study65.	Faint	expression	
of	Pt-SoxF1	is	first	visible	at	stage	9.2	in	the	prosomal	appendages	(Fig.	4.11	A-A”).	This	pat-








This	domain	extends	 to	 the	pre-cheliceral	 region	at	 later	 stages,	 in	 a	pattern	 that	 seems	 to	
follow	the	edge	of	the	growing	non-neurogenic	ectoderm	(Fig.	4.11	F).	Lastly,	Pt-SoxF2	is	also	






























B,	 only	SoxN	 sequences	 form	a	well	 supported	 clade,	 a	 result	 previously	 observed	 in	 other	
studies175,195.	This	 result	 further	 supports	 the	previously	proposed	separation	of	SoxN	 from	
Dichaete/Sox21a/Sox21b	 into	 the	 SoxB1	 and	 SoxB2	 subgroups	 respectively195.	 SoxN	 and	
Sox21b	appear	to	have	lineage-specific	retention	of	ohnologs	in	C.	sculpturatus	and	P.	tepidar-











sibly	 representing	 independent	 lineage-specific	 duplications	 (Fig.	 4.1).	 The	 phylogenetic	
analysis	 supports	 this	 scenario	 because	 sequences	 from	 each	 species	 group	 together	 inde-
pendently	of	other	 sequences,	with	only	 the	exception	of	Sm-SoxC1	 (Fig.	4.2).	Group	C	pro-
teins	in	general	exhibit	a	higher	level	of	sequence	divergence	than	other	Sox	proteins,	which	
is	 reflected	 in	 the	 phylogeny	 by	 their	 long	 branches	 and	 lower	 bootstrap	 values	 (Fig.	 4.3).	
This	hints	at	a	greater	extent	of	functional	divergence	in	this	group,	supported	by	the	highly	
variable	expression	of	arthropod	SoxC	genes	observed	in	previous	studies174–176,	as	well	as	the	
novel	 function	 in	D.	melanogaster	 in	 the	process	of	metamorphosis188.	A	 similar	 scenario	 is	
seen	in	vertebrates,	where	Group	C	genes	likely	acquired	new	roles	during	development171.	
Interestingly,	at	 least	two	copies	of	SoxE	are	present	in	most	species	analysed,	with	the	










I	was	unable	 to	 find	SoxF	orthologs	 in	P.	opilio	and	 I.	scapularis,	 though	this	 is	possibly	
the	consequence	of	 incomplete	datasets	because	Sox	gene	 loss	was	 rarely	detected	 in	most	















acterized	 genes65.	 Overall,	 duplicated	 Sox	 genes	 in	 P.	 tepidariorum	 appear	 to	 have	 experi-
enced	 extensive	 expression	 pattern	 divergence.	 Once	 again,	 the	 most	 common	 outcome	
seems	to	be	the	partitioning	of	the	ancestral	expression	domains	between	each	paralog	(e.g.	









My	 results	 are	 consistent	with	 this	 hypothesis,	with	 additional	 evidence	 from	P.	opilio	 that	
suggests	a	conserved	role	for	Sox21b	in	arachnid	segmentation.	In	addition	to	this,	Pt-Sox21b2	































dariorum	 genome	 experienced	 extensive	 expression	 pattern	 divergence	 after	 the	 arach-

















lowed	the	 flexible	adaptation	of	different	segments	 to	 fulfil	particular	 functions196–198.	Thus,	
the	origin	and	evolution	of	segmentation	has	long	been	one	of	the	main	focal	subjects	of	Evo-
Devo	studies196–198.	
Whether	 segmentation	has	a	 common	origin	at	 the	base	of	 the	Bilateria	or	arose	 inde-
pendently	twice	or	in	each	phylum	is	still	a	much-debated	topic179,199–201.	In	order	to	address	
this	 problem,	 much	 research	 has	 been	 focused	 on	 characterising	 the	 gene	 regulatory	 net-
works	(GRNs)	controlling	this	crucial	process	in	a	wide	range	of	segmented	species179,199–203.	
The	discovery	of	apparently	conserved	signalling	pathways	regulating	vertebrate	and	arthro-
pod	 segmentation,	 such	as	Wnt	and	Delta-Notch	 signalling,	has	been	argued	by	 some	 to	be	
indicative	of	a	common	ancestral	origin201,204.	Although,	others	have	suggested	this	could	be	
achieved	by	the	independent	co-option	of	conserved	pathways	in	each	phylum197,204.	
The	 study	 and	 comparison	 of	 segmentation	 among	 arthropods	 has	 been	 crucial	 in	 the	










ant),	 which	 subdivide	 the	 embryo	 into	 large	 regions	 containing	 several	 adjacent	
segments198,203,205.	Gap	genes	and	maternal	genes	in	turn	activate	the	next	tier	of	the	cascade,	
the	pair-rule	genes	such	as	hairy	(h)	and	even	skipped	(eve),	which	subdivide	the	embryo	into	
periodic	 series	 of	 seven	 stripes	 in	 every	 second	 parasegment179,205.	 Lastly,	 pair-rule	 genes	




Long	 germ	 segmentation	 is	 confined	 to	 holometabolous	 insects,	while	 short	 germ	 seg-
mentation	is	extensively	represented	in	other	insects	and	all	other	major	arthropod	subphyla	






arthropod	 segmentation,	 by	 identifying	 both	 novel	 and	 conserved	 developmental	 genetic	
mechanisms52,179,198,206.	Work	on	spiders	in	particular	has	contributed	tremendously	towards	





segmentation	 in	chelicerates52.	Spider	segmentation	 falls	within	 the	short	germ	category203,	
with	 some	 anterior	 prosomal	 segments	 being	 formed	 early	 in	 development,	 more	 or	 less	
simultaneously,	while	posterior	opisthosomal	segments	are	sequentially	added	from	a	SAZ52.	








segments,	hb,	Distal-less	 (Dll)	and	Sox21b-156,208.	Pt-hb	 and	Pt-Dll	 are	expressed	 in	 the	early	




posterior	 segmentation	 in	P.	 tepidariorum52,80,201.	 Both	Pt-Wnt8	 and	Pt-Delta	 (Pt-Dl)	 are	 re-
quired	for	the	establishment	and	maintenance	of	the	SAZ57,209.	Knockdown	of	either	of	these	
genes	results	 in	 truncated	embryos,	with	 the	absence	of	all	opisthosomal	segments57,209.	Pt-
83		
Wnt8	and	Pt-Dl	also	interact	with	each	other,	with	Pt-Dl	restricting	Pt-Wnt8	expression	to	the	
posterior-most	 region	of	SAZ,	while	Pt-Wnt8	 appears	 to	 regulate	dynamic	expression	of	Pt-
Dl57,80.	 Both	Pt-Dl	 and	Pt-Wnt8	 are	 also	 necessary	 to	 activate	Pt-cad	 expression,	 as	 demon-
strated	 by	 the	 absence	 of	 Pt-cad	 expression	 in	 embryos	 lacking	 Pt-Dl	 or	 Pt-Wnt8	
expression57,209.	Like	its	role	in	T.	castaneum,	Pt-cad	is	necessary	to	activate	the	pair-rule	gene	





in	 defining	 parasegmental	 boundaries111,117,	 although	Wnt8	 may	 play	 the	 segment	 polarity	
role	of	wg/Wnt1	in	P.	tepidariorum80.	Spider	pair-rule	orthologs,	such	as	eve,	odd-skipped	and	











posterior	 segmentation66.	 Knockdown	of	Pt-Sox21b-1	 results	 in	 the	 loss	 of	 all	 leg	 segments	
and	disrupts	the	 formation	of	 the	SAZ,	resulting	 in	truncated	embryos	missing	all	segments	
posterior	 to	 the	pedipalps66.	Pt-Sox21b-1	knockdown	embryos	 lack	expression	of	both	Pt-Dl	
and	Pt-Wnt8,	key	regulators	of	SAZ	 formation,	which	explains	 the	 loss	of	opisthosomal	seg-
ments	(Fig.	5.1)66.	Pt-cad	expression	is	also	absent,	although,	this	could	be	an	indirect	effect	of	































segments	 addition	 zone66.	 Additionally,	 Pt-Sox21b-1	 regulates	 the	 expression	 of	 h	 in	 prosomal	 seg-









ments	Pt-Sox21b-1	 knockdown	was	 carried	out	by	means	of	pRNAi,	using	 the	 same	549	bp	
dsRNA	(fragment	1)	used	in	the	previous	study66.	The	same	range	and	frequencies	of	pheno-
typic	 classes	were	 observed	 for	 all	 cocoons	 from	 injected	 females66.	 ISH	was	 performed	 in	






















































dynamics	 of	Pt-hb	 expression	pattern	 appear	 to	 be	perturbed	 (Fig.	 5.3	D-J).	 At	 stage	6,	 the	

















presumptive	 L1	 segment;	 L2,	 presumptive	 L2	 segment;	 L3,	 presumptive	 L3	 segment;	 L4,	 pre-
sumptive	L4	segment;	SAZ,	segment	addition	zone.	
88	 	
These	 results	 suggest	 that	 activation	 of	Pt-hb	 expression	 does	 not	 seem	 to	 require	Pt-



































appears	 to	 be	 unaffected,	 the	 splitting	 of	 the	 L2-L4	 band	 of	 expression	 is	 perturbed	 –	 the	
band	appears	 to	never	split	 into	 the	stripes	 in	 the	presumptive	L2-L4	segments	 (n=2)	 (Fig.	
5.4	H).	









served	 effects	 on	 their	 expression	 could	 be	 the	 indirect	 result	 of	 the	 effect	 of	 Pt-Sox21b-1	
knockdown	on	these	cells.	To	help	address	this	problem,	I	used	eRNAi	to	induce	Pt-Sox21b-1	
















































present	 (Fig.	 5.5	 C).	Pt-Sox21b-1	 knockdown	 embryos	 appeared	 to	 lack	 expression	 of	Pt-Dl	
during	early	stages,	although,	the	authors	argued	this	could	be	due	to	cell	loss66.	To	verify	the	



















obtain	 any	 clones	 that	definitely	 overlapped	with	 this	domain.	 I	was	 able	 to	obtain	 several	
clones	that	overlapped	with	the	domain	at	the	rim	of	the	germ	disc	(n=6),	which	consistently	
induced	an	 increase	of	Pt-Dl	 expressing	cells	 in	 this	 region	(Fig.	5.6	D	and	E).	 Interestingly,	
the	presence	of	a	 clone	 in	 the	area	between	 these	 two	domains	also	caused	 the	ectopic	ex-
pression	of	Pt-Dl	in	the	presumptive	head	segments	(n=1)	(Fig.	5.6	F).	
At	stage	8.2,	Pt-Sox21b-1	knockdown	clones	in	the	head	region	had	no	detectable	effect	
























My	results	suggest	 that	Pt-Sox21b-1	does	not	directly	activate	genes	regulating	 the	 for-
mation	of	leg	segments,	as	expression	of	Pt-Dll,	Pt-hb	and	Pt-Msx1	is	still	present	in	Pt-Sox21b-
1	knockdown	embryos.	Therefore,	the	loss	of	leg	segments	observed	in	Class	I	and	II	pheno-
types	 appears	not	 to	 be	 the	 outcome	of	 the	 loss	 of	 anterior	 segmentation	 gene	 expression.	
However,	the	expression	patterns	of	these	genes	seem	to	be	disrupted	by	the	knockdown	of	
Pt-Sox21b-1.	More	specifically,	 early	expression	 in	 the	presumptive	 regions	of	 leg	 segments	
does	not	seem	to	split	correctly	 into	distinct	segmental	stripes.	This	 is	best	perceived	when	


















genes	or	 the	cell	behaviour	underlying	 the	splitting	of	L2-L4	segments,	 therefore	only	 indi-
rectly	 affecting	 the	 expression	 of	 the	 downstream	 segmentation	 genes.	 This	would	 explain	
the	presence	of	the	L1	segment	in	Class	I	Pt-Sox21b-1	pRNAi	knockdown	embryos.	Loss	of	the	
94	 	











spider	 gap-like	 genes	Pt-Dll	 and	Pt-hb	 appears	 to	 be	 unaffected	 in	Pt-Sox21b-1	 knockdown	





















deformation	of	 the	germband	(Fig.	5.5	E-H	and	Fig.	5.6	H).	This	 is	probably	due	 to	cell	 loss	














One	 of	 the	 effects	 of	 Pt-Sox21b-1	 knockdown	 is	 the	 arrest	 of	 posterior	 segmentation	















ting	 into	 segmental	 stripes	of	expression	of	 these	genes.	Additionally,	Sox21b-1	might	 regulate	 the	Dl	
expression	domain	in	the	anterior	SAZ,	which	 is	thought	to	be	necessary	to	activate	and	restrict	Wnt8	
expression	 in	 the	 posterior	 SAZ80.	 Pc,	 Pre-cheliceral	 segment;	 Ch,	 Cheliceral	 segment;	 Pp,	 pedipalpal	
segment;	 L1,	 L1	 segment;	 L2,	 L2	 segment;	 L3,	 L3	 segment;	 L4,	 L4	 segment;	 O1,	 O1	 segment;	 O2,	 O2	
segment;	SAZ,	segment	addition	zone.	
96	 	
this	 issue,	 I	 analysed	 the	 expression	 pattern	 of	 Pt-Dl	 in	 eRNAi	 knockdown	 clones	 for	 Pt-
Sox21b-1.	




to	be	necessary	 for	 the	proper	migration	of	 the	cumulus66,	which	 is	an	essential	step	 in	 the	
transition	 from	germ	disc	 to	 germband,	might	 explain	 the	 lack	of	 knockdown	clones	 in	 the	
















































However,	 the	 idea	 of	 a	 single	 origin	 of	 vision	 is	 still	much	debated,	with	 some	 studies	














tablishment	 of	 the	 eye	 primordia	 in	 both	 vertebrates	 and	 insects,	 and	 their	 expression	 ap-
pears	 to	 be	 regulated	by	 conserved	 signalling	 pathways,	 including	 the	Hedgehog,	BMP	and	
Wnt	signalling	pathways70,224.	








be	 involved	 in	 determining	 eye	 fate213.	 The	 core	 set	 these	 retinal	 determination	 genes	 in-
cludes	members	of	 the	PAX6,	SIX,	EYA	and	DAC	gene	families223.	 In	 insects	and	vertebrates,	
for	which	eye	development	has	been	more	widely	studied,	PAX6	genes	appear	to	be	at	the	top	










pression	of	Optix,	 a	member	of	 the	SIX3	gene	 family,	 is	also	activated	by	 toy,	where,	 jointly	
with	hh,	 it	 controls	 the	progression	of	 the	morphogenetic	 furrow	by	regulating	dpp	 expres-



















anogaster.	 (A)	 Expression	 patterns	 of	wg,	otd,	dpp	 and	 retinal	 determination	 genes	 in	 the	
eye-antennal	disc	during	 larval	development.	Dashed	 line	represents	the	boundary	between	
the	antennal	and	eye	regions	of	the	disc.	Each	unique	expression	domain	is	represented	by	a	









vation	of	early	 retinal	determination	genes,	which	 include	Pax6	 and	Six3235.	 In	mice,	 loss	of	
Otx2	function	results	in	the	loss	of	anterior	structures,	including	the	lens	placodes236,	and	loss	
of	Pax6	and	Six3	 function	leads	to	the	loss	of	eyes	in	mice	and	medaka	respectively237,238.	 In	
Xenopus,	Pax6	activates	expression	of	Six6,	a	paralog	of	Six3,	 in	 the	eye	 field235,	and	overex-
pression	of	 this	gene	causes	expansion	of	 the	retina239.	The	role	of	vertebrate	EYA	and	DAC	
genes	in	eye	development	are	still	poorly	understood.	In	mice,	Eya1	and	Eya2	are	expressed	




In	 summary,	eye	development	 in	both	 insects	and	vertebrates	 requires	a	 similar	 set	of	
retinal	determination	genes	 in	eye	development.	 Incorrect	expression	of	any	of	 these	genes	
often	leads	to	eye	defects83,85,	thus,	their	expression	needs	to	be	tightly	regulated.	Interesting-






tal	 processes,	 from	 cell	 proliferation	 to	 pattern	 formation242,243.	 Wnt	 ligands	 bind	 to	 cell	
membrane	receptors,	usually	of	the	Frizzled	family,	activating	the	Wnt	signalling	pathway	to	
regulate	the	transcription	of	target	genes242.	Signal	transduction	upon	binding	of	Wnt	ligands	
to	 a	 Fzd	 receptor	 is	 achieved	 through	 one	 of	 three	 signalling	 pathways:	 the	 canonical	 β-
catenin	dependent	pathway,	 and	 the	non-canonical	planar	 cell	polarity	 (PCP)	and	Ca2+	de-
pendant	signalling	pathways243.	
In	the	β-catenin	signalling	pathway,	binding	of	a	Wnt	ligand	promotes	the	accumulation	












regulation	 of	 eye	 development	 of	 both	 insects	 and	 vertebrates69,70.	 In	D.	melanogaster,	 the	
Wnt	 gene	wingless	 has	 a	 critical	 role	 in	 confining	 the	 expression	 of	 retinal	 determination	
genes	 to	 the	 eye	 field	 in	 the	posterior	 of	 the	 eye-antennal	 disc,	 helping	 to	 differentiate	 be-
tween	dorsal	head	tissue	and	compound	eye	fate244,245.	Ectopic	activation	of	the	wg	pathway	
in	the	eye	field	represses	eya,	so	and	dac	expression,	resulting	in	the	formation	of	dorsal	head	
tissue	 instead	of	ommatidia244.	 Furthermore,	 loss	of	wg	 signalling	 in	 the	 region	destined	 to	
form	the	dorsal	head	capsule	leads	to	the	ectopic	expression	of	eya	and	dac244,	resulting	in	the	
formation	of	an	ectopic	compound	eye246.	The	Wg	signalling	pathway	is	also	involved	in	the	




A	 similar	 scenario	was	 found	 in	vertebrates,	with	Wnt	 signalling	being	essential	 to	 the	
establishment	and	maintenance	of	the	eye	field70,247.	At	the	gastrula	stage,	Wnt	signalling	re-
stricts	 the	 caudal	 expansion	 of	 lens/olfactory	 placodal	 cell	 fate	 in	 the	 rostral	 neural	 plate	
border,	 specifying	 neural	 crest	 cell	 fate	 instead248.	 In	mice,	 activation	 of	 canonical	Wnt\β-
catenin	 signalling	 in	 the	 eye	 field	 inhibits	 lens	 formation	and	 represses	Pax6	 expression249,	
while	 the	 loss	of	Wnt\β-catenin	signalling	 in	 the	extraocular	ectoderm	leads	to	ectopic	 lens	
formation	in	small	areas	that	show	ectopic	expression	of	Pax6250.	The	retinal	determination	






























iorum	 and	Cupiennius	salei67,68.	 Interestingly,	 all	members	of	 the	 retinal	determination	gene	
network,	excluding	only	eya,	were	found	to	be	duplicated	in	both	species	suggesting	that	the	
arachnopulmonata	WGD	event	might	 have	 had	 an	 impact	 on	 the	 evolution	 of	 arachnid	 eye	







Despite	 the	 apparent	universal	 role	 of	Pax6	 in	 animal	 eye	development,	 there	 is	 still	 a	


































































pattern	that	 is	maintained	throughout	embryogenesis	 (Fig.	6.3	A’,	B’	and	C’),	as	well	as	 in	a	
complex	pattern	in	the	developing	head	(Fig.	6.3	A).	The	latter	appears	to	be	restricted	to	the	











Pt-Eyg	 is	mainly	 expressed	 in	 the	 labrum,	 prosomal	 appendages	 and	 opisthosomal	 or-
gans	(Fig.	6.3	D-F”).	Expression	is	first	observed	at	stage	10.1	in	the	tips	of	the	chelicerae	and	
as	a	single	ring	of	expression	in	the	pedipalps	and	walking	legs	(Fig.	6.3	D	and	D’),	with	faint	





additional	 expression	 domain	 was	 detected	 in	 the	 growing	 dorsal	 tissue	 of	 opisthosomal	









compound	 eye	 and	 is	 necessary	 for	 ocelli	 formation234.	 Expression	 of	ato	 orthologs	 during	






Expression	 of	 Pt-ato1	 is	 first	 visible	 at	 stage	 10.1	 in	 the	 pre-cheliceral	 region	 in	 four	
small	 groups	of	 cells	 that	 appear	 to	 be	 similar	 in	position	 to	 the	developing	 eye	primordia	
(Fig.	6.4	A).	This	expression	becomes	stronger	at	stage	10.2,	and	two	additional	domains	 in	
the	developing	brain	appear	 (Fig.	6.4	C).	At	 stage	12,	 the	expression	domain	 in	 the	median	
eye	primordia	moves	 towards	 the	 centre	 and	 the	 expression	domain	 in	 the	 lateral	 eye	pri-
mordia	 subdivides	 into	 the	 expected	 three	pairs	 of	 lateral	 eyes	 (Fig.	 6.4	D).	This	pattern	 is	











can	 be	 seen	 in	 the	 forming	 limb	buds	 of	 the	 second	 opisthosomal	 segment,	 perhaps	 in	 the	
booklung	primordia	(Fig.	6.4	G).	
In	conclusion,	I	found	one	ato	ortholog	to	be	expressed	in	the	eye	primordia	of	P.	tepidar-







































Pt-Wnt5	 is	 expressed	 in	 two	 large	 domains	 in	 each	 head	 lobe	 of	 stage	 10.2	 embryos,	
which	extend	into	the	non-neurogenic	region	between	the	two	domains	of	Pt-so1	expression	
in	both	eye	primordia	(Fig.	6.5	B).	Pt-Wnt5	expression	appears	to	surround	both	median	and	





another	 in	a	 region	below	 the	median	and	ventral	 to	 the	 lateral	 eye	primordia	 (Fig.	6.6	B).	









where	Pt-Wnt5	 expression	overlaps	 the	median	eye	primordia	 (Fig.	 6.5	D).	At	 stage	12,	Pt-
Wnt7.2	expression	is	still	restricted	to	two	small	domains	on	each	head	lobe,	one	at	the	ante-
rior	rim	of	the	head	above	the	median	eye	primordia	and	another	adjacent	to	the	AL	primor-






















overlap	 in	a	 few	cells	during	 the	early	phase	of	eye	primordia	establishment	 in	 the	median	













primordia	of	 this	 spider67,	 these	 results	 suggest	 that,	 in	 contrast	 to	C.	salei	where	one	Pax6	









mination	 gene	 expression	 in	P.	 tepidariorum	 proposed	 that	Pax6	might	 be	 required	 during	
early	establishment	of	 the	eye	primordia,	as	 it	 is	expressed	 in	 the	anterior	 rim	of	 the	germ	











receptor	 neurons234.	 Similar	 regulation	 is	 found	 in	 vertebrate	 eye	 development,	 with	Pax6	
directly	regulating	Ath5,	an	ortholog	of	ato	required	to	specify	a	subset	of	neurons	in	the	reti-




































dia,	 which	 is	 surrounded	 by	 the	 combined	 expression	 domains	 of	 Pt-Wnt2,	 Pt-Wnt5,	 Pt-













































of	 the	 arachnopulmonata,	 as	well	 as	 the	high	prevalence	 of	 ohnolog	 expression	divergence	





ertoires	of	 the	harvestmen	P.	opilio	 are	 represented	by	much	 fewer	duplicated	genes	when	
compared	 to	 the	repertoires	of	 scorpions	and	spiders,	 consistent	with	a	non-WGD	ancestry	
(Fig.	3.1	A	and	4.1).	
However,	 these	 repertoires	 are	 likely	 to	 be	 incomplete,	 especially	 that	 of	 homeobox	
genes,	which	shows	a	much	lower	number	of	genes	than	the	repertoire	previously	identified	
in	 I.	scapularis72.	Therefore,	data	on	 the	putative	ancestral	 state	of	homeobox	and	Sox	gene	
repertoires	is	limited,	even	more	so	when	taking	into	account	that	the	tick	lineage	could	have	
undergone	 a	 significant	 loss	 of	 gene	 content72,167.	 To	 help	 address	 this	 problem,	 additional	






has	 not	 yet	 been	produced,	would	 also	 prove	 beneficial	 to	 study	 lineage	 specific	 gains	 and	
losses,	as	well	as	patterns	of	gene	retention	and	functional	divergence	after	the	arachnopul-




the	 teleost-specific	WGD,	 found	evidence	supporting	 lineage-specific	 loss	and	divergence	of	












families,	while	 the	analysis	between	amphioxus	and	vertebrates	 takes	 into	account	 a	much	
wider	 range	 of	 gene	 families.	 This	 could	mean	 that	 the	most	 common	 evolutionary	 fate	 of	
ohnologs	could	be	dependent	of	the	gene	family	analysed.	Consistent	with	this	hypothesis,	a	
study	comparing	expression	of	duplicated	Sox	genes	in	the	teleost	lineage	found	most	ohno-













basic	 Helix-Loop-Helix	 (bHLH)	 and	 Forkhead	 box	 (FOX)	 gene	 families258,259,	 would	 further	






My	 analysis	 of	 Pt-Sox21b-1	 function	 during	 anterior	 segmentation	 in	 P.	 tepidariorum	
provides	further	evidence	for	its	role	as	a	gap-like	gene	in	this	spider66.	My	results	also	sug-
gest	that	Pt-Sox21b-1	specifically	regulates	the	formation	of	L2-L4	segments,	possibly	acting	
in	parallel	with	other	 gap-like	genes,	 such	as	Pt-hb	 and	Pt-Dll56,208,	 to	 regulate	downstream	
pair-rule-like	genes	(e.g.	Pt-h)	 (Fig.	5.7)66.	This	 is	similar	 to	 the	role	of	Dichaete	during	seg-
mentation	in	D.	melanogaster,	where	it	directly	regulates	the	expression	of	primary	pair-rule	
genes,	such	as	eve	and	h,	in	parallel	to	other	gap	genes179,210.		
However,	 it	 is	 still	 inconclusive	whether	 or	 not	Pt-Sox21b-1	 directly	 regulates	Pt-h	 be-
cause	the	loss	of	Pt-h	expression	in	Pt-Sox21b-1	pRNAi	knockdown	embryos	could	still	be	the	
result	of	early	 indirect	effects66.	Analysis	of	Pt-h	 expression,	as	well	as	other	pair-rule	gene	
orthologs	such	as	Pt-eve	 and	Pt-runt80,	 in	Pt-Sox21b-1	 eRNAi	knockdown	clones	would	help	
investigate	 the	 effect	Pt-Sox21b-1	 knockdown	 in	 the	 expression	 of	 these	 genes.	 For	 similar	
reasons,	 it	may	be	reasonable	 to	use	 the	same	approach	to	verify	 the	effects	of	Pt-Sox21b-1	
knockdown	on	Pt-hb,	Pt-Dll	and	Pt-Msx1	expression.	





mine	 if	 latter	 regulates	 the	 posterior-most	 expression	 domains	 of	 the	 former.	 Additionally,	
expression	analysis	of	other	posterior	segmentation	genes,	such	as	Pt-Wnt8,	Pt-cad	and	Pt-h,	






















Expanding	 this	 analysis	 to	 other	 chelicerate	 orders	would	 also	 be	 important	 to	 investigate	
whether	or	not	Pax6	role	in	eye	development	in	conserved	in	this	lineage,	since	Pax6	expres-
sion	was	 previously	 reported	 to	 be	 absent	 in	 the	 developing	 eyes	 of	 the	 horseshoe	 crab	L.	
polyphemus254.	
	It	was	also	previously	proposed	that	Pax6	expression	might	be	necessary	during	earlier	
stages	 to	 specify	 the	 future	 eye	 anlagen67.	 To	 further	 investigate	 this	 hypothesis,	 pRNAi	





















knockdown	 of	 downstream	 components,	 such	 as	 dishevelled	 (dsh),	 or	 negative	 regulators,	
such	 as	 axin	 (axn)242.	 In	D.	melanogaster,	 reduction	 of	 Wnt	 signalling	 activity	 through	 the	
knockdown	of	dsh	leads	to	the	expansion	of	the	compound	eyes260,	and	increase	of	Wnt	activi-
ty	 through	 the	 knockdown	 of	 axn	 result	 in	 the	 formation	 of	 head	 cuticle	 instead	 of	 eye	




the	head.	Therefore,	 it	would	be	 interesting	 to	 study	 the	expression	of	Wnt	and	 retinal	de-
termination	genes	in	the	developing	eyes	of	other	spiders	with	divergent	eye	morphologies,	
























































































































































































































































































































































































































































































































































































































































































































Gene Name Forward primer Reverse primer Fragment size 
Po-Gbx GTTCTTCGCCGGCTTCTTTC TTTTCGGAGCGTTAGGGTTC 393 bp 
Pt-Gbx1 ACGAACAACCTTTACTAGCG  CCAAGCTGATTATGAACTGC  240 bp 
Pt-Gbx2 GGGACTTTATTCAACCGGAGC  CAGAGCATCGGAAAGGGAGA  651 bp 
Pt-Hox3a TGGCACATTCCATCATCACA  TTGTTTGCTGTTGGGTGACG  837 bp 
Pt-Hox3b TCCAAAACCGTCGCATGAAG  CACCGCTGTACAAAGTAGCC  770 bp 
Po-Dbx TTGCAGGTCAAAATATGGTTCC GGAGGGTTGCTATTGACTCC 158 bp 
Pt-Dbx1 ACAGTTACGCCTTTTCTGGT ACAGCCCTCCTCATCATTCC 322 bp 
Pt-Dbx2 GCAAGTCCACATGTTACCCA ACGATGTCACTCAAATCAGGC 422 bp 
Po-Emx GTTAGCCGTACCCGTTTCAC TGGAGTATGAAACCGTGGCT 648 bp 
Pt-Emx1 TGCTTCTCCGGTTTCTGTCA  CGCACTTTTCATCACTGGTG  737 bp 
Pt-Emx2 TTCCAAAACCAACACGACCT  GGTGACTGTGAACGGATGTA  832 bp 
Pt-Emx3 CAGCCGAAGACCACATGAAC  GGTAGTGCCGTCATTTCTGG  808 bp 
Pt-Emx4 CACCAACAAGAGCACCAGAA  GACGCACGACACAAATGAAT  868 bp 
Po-Msx CCAAATTCACCCTCACCGAC GTTTCCGGTTGCTCTTGTGT 829 bp 
Pt-Msx1 GCAAGCCTCGAACTCCTTTC  CCGTTTGGCACCATCTATGA  993 bp 
Pt-Msx2 GCGTGGATATGGAAGAGTCG  GGTGCCATCAGAGGTCCTAA  556 bp 
Pt-Msx3 GAAGTCCAAGTCCTGCGTTA  TCGGTAAAGACACAATGGGG  756 bp 
Pt-Slou1 CGGCTCTCCTCCTGAAAGAT ACTGTTTGCATCCATTCCCG 682 bp 
Pt-Slou2 ACAGCCTGTGGAGATGACAA ACGCAGCAGGTAAATAAGGAC 406 bp 
Po-Vnd CCTACATCCCTCCAACAGCA CCGAACCACCACCGTCTATA 783 bp 
Pt-Vnd1 TCCAACAGACGCAACAACAA TTGTTCTACCACCAACGCTG 657 bp 
Pt-Vnd2 ACCTTTTGCACACATGGGTC CTCTCTTTCTGGGGCTGACA 505 bp 
Pt-Otx1 GTCCCAATCACAAGCCAGTC  AGATGGGGCTTGGAATCGTC  390 bp 
Pt-Otx2 GGCCACCAGTTACATCCAAC  CTGATGAGTTCTTCGACGGC  438 bp 
Po-Pitx GAGATTCAACGTCGTCAGGC AGGTGGTGTGGGATTGCTTA 572 bp 
Pt-Pitx1 GACCCATCACAGACTGGACA CCAGCATATGTCCCAAAGCC 804 bp 
Pt-Pitx2 ACTTGCCTGACTCAGCATCT TAAGGACAAGGAGGTGCAGG 629 bp 
Po-Ap TCAACAGCAAGGCATGACAC CTCGTTTGTTTCTGGGTGCA 777 bp 
Pt-Ap1 GCTGCCACCTATCCATCTCT  TGAGACGCCAGTTCAGAGAG  820 bp 
Pt-Ap2 CTACGAGATGTTTTCCCGCG  CCAGTGGGGTCATAGGATCA  812 bp 
Pt-Ap3 AACCCATCCAGTGCTTCTCA  CCTCCAAGTTACGGGTAAAG  540 bp 
Po-Irx1 AAATTACCAACGCCTAGCCG CATCGTCGCACCTGTTTCTG 512 bp 
Pt-Irx1 CACCACAAAGTAGCCAGCAG  TCCCAAGTGAAAACAGCGTG  920 bp 
Pt-Irx2 CGTAGAACAGCATCGTGTGA  TTTATTGCAGGGATGTCGCC  862 bp 
Pt-Irx3 GCTCGCCATCATCACCAAAA  GAGAACCTCTTGACAGCACT  826 bp 
Pt-Irx4 AATGCCAGGAAAGTGACTCC  TGTTAGCTCTCACACCGACT  835 bp 
Po-ct CGCCTTCCAGTTCTTCATCG GGGGTAGGGGTCCATTGAAA 686 bp 
Pt-ct1 GTTGGGCCTATCTATCCGCACT CCACTGCTTGATGGAGGTGGTA 756 bp 
Pt-ct2 GGAGCAGAAGGAAGCCTTGAGA TCCTGTTCGTTACCGCTGTCAT 774 bp 
Po-Zfh GTCTGAACGCCTCGATGAAC GAATTTCGGGTCTTGCGGTT 983 bp 
Pt-Zfh1 CCAGAGACTACCCCAACACCTG TAGGCAATGGCGTAACACCAGA 568 bp 










Gene Name Forward primer Reverse primer Fragment size 
Pt-Dichaete GCCCAAAGAAGGAAGATCGC GGAGTAGAGTCCGAGCAACT 858 bp 
Po-Sox21b CCTCATCATCTTAGCCCCGT GGCATGGACATTGGGTTCTG 806 bp 
Pt-Sox21b-1 (ISH) ACGCTTTCATGGTTTGGTCA ATGCTGGGACCTGGAGAAAT 790 bp 
Pt-Sox21b-1 (dsRNA) TGCAAGCTCCGCAAATCGTAC AGAAGAGGCAGGATAGCCGC 548 bp 
Pt-Sox21b-2 CGCGAGTTCAGAGAAGACGA AGAGCTTGAAATGGCAGACA 458 bp 
Po-SoxN TGAACGGTTACATGCCCAAC ACGCCGAGATAACAACATCC  670 bp 
Pt-SoxN GACCGCAAGCCATCATTCTC GGTCGTGAGTTGGAAATCGG 819 bp 
Pt-Sox21a-1 GCGGTGAAGGAAGAAGAACG AGTGATGACAGGTGGTGAGG 822 bp 
Pt-Sox21a-2 GAAGCTGAGAAACGCCCTTT AGGACTTGGTGGCAATGTTG 603 bp 
Po-SoxC AAAAGGCCCATGAACGCTTT GTGGTGGTGGTGGATTCAAC 941 bp 
Pt-SoxC1 TGTGAAAAGGCCCATGAACG CGTTAAGTCGCTGATGTCCG 760 bp 
Pt-SoxC2 CCAAAATCCCGGCATTCCAT AGCAGCCCAATCATCTCTGT 667 bp 
Po-SoxD CGACGCAAAATTCTCAAGGC AACCTCCGTCCGCCATTAAT 515 bp 
Pt-SoxD1 TGACCGAAGCTCAGTTTCCA TATTGTTTGGTGGCGGTTGG 1047 bp 
Pt-SoxD2 CGTCTCCTATAGCTCCACCC CACGATACCATAGAGTGCGC 927 bp 
Po-SoxE1 GGCGAGTTTTAAGCGACGAA GAAAGGCGGTTCAGGGAATC 848 bp 
Po-SoxE2 AACGCTTTCATGGTATGGGC GAGGAGGAGGAGTGTTGCTT  250 bp 
Pt-SoxE1 CGGGGTTATGACTGGAGTGT TGTCCACTGTTCGTCCATGA 753 bp 
Pt-SoxE2 GACGATGACCTGGACAATGC TGGATTGATGATGCTGGGGT 1186 bp 
Pt-SoxF1 GTCACCCAACTGCGACTTTT ACGTAATGAAATCGGAGCGC 1015 bp 
Pt-SoxF2 ATGGAGAGGGTTGAGTCACG TGCTGGTAGTACACGACGTT 960 bp 
Pt-Dll TCCGTACCTGGGTTCGTATC TGTCCCATGAGGAGATAGGC 653 bp 
Pt-hb GCCGAGACCTTTCAAGTGTC TCTGTTCCTCGATTGGCTGT 823 bp 
Pt-Msx1 GCAAGCCTCGAACTCCTTTC  CCGTTTGGCACCATCTATGA  993 bp 




Gene Name Forward primer Reverse primer Fragment size 
Pt-ato1 ACGTGCTTTTGATGCGGAAA TCATAACAGCAGGCGAAGGA 862 bp 
Pt-ato2 TGCATTCAAGTATCATTGCTCAG GCTGTGATATAAGTTTGGGCCA 629 bp 
Pt-Toy GGCGAACCGTAGATCAAGTG CTGTGGTCTAAGGCAGGTGT  589 bp 
Pt-Eyg TACATCACCAGTCACCCCAC  TCTACGAAACTTGGGCCGAT  868 bp 
Pt-so1 TCACGCCAAACTCTCATCCT  ATGGTTCTGCATCGAGTCCA  575 bp 
Pt-Wnt2 TTGATGGCGTTCTGTTGTCC  CCCAGAGTACCCAACGACTT  836 bp 
Pt-Wnt5 TGACACCTGTTGAGCGAAAC  ATCCTGTCTCTTCGTTGGGG  1028 bp 
Pt-Wnt7.2 CCCTGAAGGTGGATGGAAGT TGGATGAATGGTGCGAGTCA 663 bp 
Pt-Wnt8 TGTCCGGTTCAAAAGCTGTG AACTTGCTCTCTCTGCGTCT 795 bp 




Primer Name Primer sequence 
M13 Forward GTAAAACGACGGCCAG 
M13 Reverse CAGGAAACAGCTATGAC 
3' T7 Reverse AGGGATCCTAATACGACTCACTATAGGGCCCGGGGC 
T7 Forward TAATACGACTCACTATAGGG 










































































































































































Figure	 S4:	Multiple	 sequence	 alignment	 of	 Panarthropoda	 Sox	Group	C-F	HMG	 domain	 se-







area.	 (A-E)	 Injected	embryos	with	Pt-Sox21b-1	 eRNAi	knockdown	clones	 stained	 for	Pt-Sox21b-1	 and	
counterstained	 with	 DAPI.	 (A’-E”)	 Zoom	 in	 of	 the	 area	 affected	 by	 Pt-Sox21b-1	 knockdown	 (white	
dashed	line)	showing	Pt-Sox21b-1	staining	(A’-E’)	and	DAPI	counterstain	(A”-E”).	Anterior	is	to	the	left	
in	all	images.	Red	staining	indicates	clone	location.	
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Abstract
Homeobox genes are key toolkit genes that regulate the development of metazoans and changes in their regulation and
copy number have contributed to the evolution of phenotypic diversity. We recently identified a whole genome dupli-
cation (WGD) event that occurred in an ancestor of spiders and scorpions (Arachnopulmonata), and that many ho-
meobox genes, including two Hox clusters, appear to have been retained in arachnopulmonates. To better understand
the consequences of this ancient WGD and the evolution of arachnid homeobox genes, we have characterized and
compared the homeobox repertoires in a range of arachnids. We found that many families and clusters of these genes are
duplicated in all studied arachnopulmonates (Parasteatoda tepidariorum, Pholcus phalangioides, Centruroides sculptur-
atus, and Mesobuthus martensii) compared with nonarachnopulmonate arachnids (Phalangium opilio, Neobisium carci-
noides, Hesperochernes sp., and Ixodes scapularis). To assess divergence in the roles of homeobox ohnologs, we analyzed
the expression of P. tepidariorum homeobox genes during embryogenesis and found pervasive changes in the level and
timing of their expression. Furthermore, we compared the spatial expression of a subset of P. tepidariorum ohnologs with
their single copy orthologs in P. opilio embryos. We found evidence for likely subfunctionlization and neofunctionaliza-
tion of these genes in the spider. Overall our results show a high level of retention of homeobox genes in spiders and
scorpions post-WGD, which is likely to have made a major contribution to their developmental evolution and diversi-
fication through pervasive subfunctionlization and neofunctionalization, and paralleling the outcomes of WGD in
vertebrates.
Key words: homeobox genes, development, gene duplication.
Introduction
Developmental programs precisely orchestrate proliferation
and differentiation to build multicellular organisms. Many of
the key regulatory factors and pathways utilized in develop-
ment are conserved between species like the Wnt and Delta/
Notch signaling pathways and transcription factors (TF) such
as those encoded by the homeobox genes (Reviewed by
Carroll et al. 2005; Rokas 2008). Many studies in recent dec-
ades have shown that changes in the expression and copy
number of these tool kit genes can lead to the evolution of
phenotypic differences among species (Averof and Patel 1997;
Stern 1998; Ronshaugen et al. 2002; Carroll et al. 2005;
Liubicich et al. 2009; Werner et al. 2010; Guerreiro et al.
2013; Koshikawa et al. 2015; Kvon et al. 2016). Therefore,
understanding the evolution of these genes can provide im-
portant insights into the development and evolution of
metazoans.
The homeobox genes encode a large superclass of TFs
(Garcia-Fernandez 2005; Hoegg and Meyer 2005; Pascual-
Anaya et al. 2012; Holland 2015; Ferrier 2016). They are
characterized by encoding a homeodomain, which is usually
60 amino acids in length and folds to form a structure with
three a-helices and an N-terminal domain (Ortiz-Lombardia
et al. 2017). The third a-helix and N-terminal domain confer
the specificity to the binding of the homeodomain to the
major and minor groove of the DNA double helix,
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respectively (Hanes and Brent 1991; Chu et al. 2012; Ortiz-
Lombardia et al. 2017). This conservation of sequence facili-
tates the characterization of many homeobox genes based
solely on their homeodomain sequence (Holland et al. 2007),
although there are also a variety of other DNA binding
domains found in metazoan homeobox genes, which provide
additional identification characteristics and biological func-
tions (Burglin and Affolter 2016).
During the evolution of metazoans the expansion of ho-
meobox gene number via duplication has been associated
with multicellularity and the increase in morphological com-
plexity (Garcia-Fernandez 2005; Hoegg and Meyer 2005;
Pascual-Anaya et al. 2012; Holland 2015). The initial multipli-
cation and divergence of proto-homeobox genes started early
in evolution and created several classes of homeobox genes
(Pascual-Anaya et al. 2012; Ferrier 2016). In the urbilaterian,
the homeobox genes are hypothesized to have formed a large
“Giga-homeobox” cluster, containing several homeobox fam-
ilies (Ferrier 2016). In metazoans, this Giga-cluster also in-
cluded the metazoan specific ANTP class of homeobox
genes (Ferrier 2016). Subsequent tandem duplications of
each of the different classes generated clusters of similar ho-
meobox class genes such as the ParaHox, SuperHox, SINE/Six,
TALE/Irx, PRD/HRO clusters (Ferrier 2016). These clusters
were then fragmented in the genome of the bilaterian ances-
tor, and have been subject to lineage specific retention, loss,
and further duplication during bilaterian evolution (Ferrier
2016).
We recently found that in arachnids there had been a
whole genome duplication (WGD) in a common ancestor
of arachnopulmonates (spiders, scorpions, and Pedipalpi
[Uropygi and Amblypygi]; Sharma, Kaluziak, et al. 2014;
Schwager et al. 2017). Like the independent WGDs in verte-
brates, after this event many duplicated homeobox genes
have been retained in spiders and scorpions, including two
clusters of Hox genes (Lynch et al. 2006; Putnam et al. 2008;
Cao et al. 2013; Sharma, Schwager, et al. 2014; Di et al. 2015;
Qu et al. 2015; Sharma et al. 2015; Schwager et al. 2017).
Furthermore, divergence in the expression of ohnologs in
spiders, including the Hox genes, suggests there has been
neofunctionalization and subfunctionalization of many of
these genes since the WGD (Pechmann et al. 2015;
Turetzek et al. 2016, 2017; Schwager et al. 2017).
Here, we systematically compare the repertoires of homeo-
box genes between the arachnopulmonates with an ancestral
WGD, the spiders Parasteatoda tepidariorum and Pholcus
phalangioides, and the scorpions Centruroides sculpturatus
and Mesobuthus martensii (Di et al. 2015), with arachnids
that have no evidence for an ancestral WGD, the harvestman
Phalangium opilio, the pseudoscorpions Neobisium carci-
noides and Hesperochernes sp., and the tick Ixodes scapularis,
as well as several mandibulate arthropods. We find pervasive
duplication and retention of homeobox genes in arachno-
pulmonates, and synteny analysis of homeobox genes in P.
tepidariorum also revealed several more duplicated ancient
homeobox clusters (Ferrier 2016), in addition to the Hox
clusters. To explore the fate and role of these duplicated genes
further we compared the expression profiles of ohnologs
during spider embryogenesis and found striking differences
in their levels and temporal expression. Furthermore, com-
parison of the spatial expression of duplicated homeobox
genes between P. tepidariorum and their single copy homo-
logues in P. opilio suggests that there has been extensive
neofunctionalization and subfunctionalization in embryogen-
esis during arachnopulmonate evolution. Taken together, our
work shows that WGD greatly expanded the repertoire of
homeobox genes in arachnopulmonates and that this con-
tributed to diversification in their developmental gene regu-
latory networks and may have contributed to evolutionary
innovations in these animals as has been postulated in other
animal lineages (Van de Peer et al. 2009; Huminiecki and
Conant 2012).
Results
Comparison of HomeoboxGene Families in Arachnids
and Other Arthropods
To systematically identify homeobox repertoires we searched
for the characteristic homeodomain sequence in a range of
available and new arachnid transcriptomes. In a transcrip-
tome of the spider P. phalangioides (Turetzek et al., in prep-
aration), we identified 78 homeobox families (fig. 1 and
supplementary file 1, Supplementary Material online), which
is similar to the 80 families identified previously in the spider
P. tepidariorum (Schwager et al. 2017) and to the 82 families
found in the scorpions C. sculpturatus and M. martensii (Di
et al. 2015; Schwager et al. 2017).
For lineages that were thought not to have an ancestral
WGD, we surveyed existing transcriptomes from the tick I.
scapularis, the harvestman P. opilio, and the pseudoscorpion
Hesperochernes sp., as well as sequencing a transcriptome for
another pseudoscorpion N. carcinoides. The number of ho-
meobox families found in I. scapularis (70) (fig. 1 and supple-
mentary file 1, Supplementary Material online) was
comparable to arachnopulmonates and mandibulates (S.
maritima—83; A. mellifera—77; T. castaneum—80; D. mel-
anogaster—80) (Zhong et al. 2008; Zhong and Holland
2011; Chipman et al. 2014). However, we only managed to
recover genes from 65 families in P. opilio and just 27 and 16
families in N. carcinoides and Hesperochernes sp., respectively,
which likely represent only a subset of families present in
these arachnids (fig. 1 and supplementary file 1,
Supplementary Material online).
The assignment of homeobox genes into families was ver-
ified using a maximum likelihood tree constructed using the
homeodomain sequences (supplementary fig. 1,
Supplementary Material online). This analysis provided
good support for the annotation of each homeodomain to
a homeobox gene family, as families were generally mono-
phyletic and had >70% bootstrap support. The general to-
pology of the tree also grouped the homeobox classes
together consistent with Holland et al. (2007).
Comparisons of the repertoires of homeobox families be-
tween these species suggest particular patterns of retention
and loss of homeobox families in arthropod lineages (fig. 1).
Overall, excluding the harvestman and pseudoscorpion data
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due to incompleteness, 60 of the known 87 homeobox fam-
ilies were present in all species surveyed, indicating a reason-
able retention of most families.
Families that were present in vertebrates, arachnids and
the myriapod, but absent in insects were the HNF and Dmbx
families (Zhong et al. 2008; Zhong and Holland 2011;
Chipman et al. 2014). Another family that was present in
vertebrates and arachnids but missing from themandibulates
surveyed was the Barx family (Zhong et al. 2008; Zhong and
Holland 2011; Chipman et al. 2014). The only family not pre-
sent in arachnids but present inmandibulates and vertebrates
was the Pax2/5/8 family.
There were also some retention/loss differences among
arachnid species. While Nedx is present in spiders, it appears
to have been lost in the scorpions and I. scapularis, although
there is a single copy in the pseudoscorpion N. carcinoides
(fig. 1 and supplementary file 1, Supplementary Material on-
line). The Hlx, Msxlx, and Mkx families also appear to be
missing from spiders but present in the scorpions and the
mandibulates surveyed (fig. 1).
Pervasive Duplication of Homeobox Genes in
Arachnopulmonates
Although the number of homeobox families is fairly similar
between arthropod species surveyed, except the harvestman
and pseudoscorpions, the actual number of genes varied con-
siderably between arachnopulmonates and non-
arachnopulmonate arthropods. The spider P. phalangioides
had a total of 132 homeobox genes (supplementary file 1,
Supplementary Material online), which is comparable to the
145 in P. tepidariorum and the 156 found in the scorpions C.
sculpturatus and M. martensii (Di et al. 2015; Schwager et al.
2017). In contrast, the nonarachnopulmonate species I. scap-
ularis, P. opilio, N. carcinoides, and Hesperochernes sp. had 96,
69, 32, and 17 homeobox genes, respectively (supplementary
file 1, Supplementary Material online). The most complete
nonarachnopulmonate data set represented by I. scapularis
compared well to the number of homeobox genes previously
identified in S. maritima (113), T. castaneum (105), and D.
melanogaster (104) (Zhong et al. 2008; Zhong and Holland
2011; Chipman et al. 2014).
We found that 58%, 50%, 59%, 57% of homeobox families
in P. tepidariorum, P. phalangioides, C. sculpturatus, and M.
martensii are duplicated, compared with 24% in the tick, 3%
in the harvestman, 19% in the centipede, beetle, and fly. This
shows that many more of the arachnopulmonate homeobox
families are comprised of multiple genes copies compared
with other arthropods. In total, 34 families are duplicated in
all four arachnopulmonate species (fig. 1), whichmay indicate
that these were duplicated in a single event and subsequently
retained in the ancestor of the Araneae and Scorpiones line-
ages. 18 of these 34 families are not duplicated in any of the
nonarachnopulmonate species surveyed. Furthermore, 38
families are duplicated in both spiders, whereas 46 families
are duplicated in both scorpions (fig. 1).
The families in arachnopulmonates that contain more
than two copies, such as Pax4/6 and Irx, are also duplicated
in the mandibulate species surveyed. This perhaps suggests
FIG. 1. Comparison of homeobox repertoires in arthropods reveals
pervasive duplication in arachnopulmonates. The copy number of
homeobox families is generally greater in arachnopulmonates com-
pared with other arthropods across all classes, except Cers and Pros.
Homeobox genes are classified based on Holland et al. (2007) and the
number of paralogs in each family is color coded. The Hox6-8 family
has been broken down further to show the specific copy numbers of
ftz, Antp, Ubx, and abdA.
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that these were duplicated in the arthropod ancestor and
that further paralogs were generated in arachnopulmonates
due to the WGD (fig. 1).
HomeoboxGeneOhnologs and TandemDuplicates in
P. tepidariorum
It has already been shown that duplicated Hox clusters were
retained after the ancestral WGD in arachnopulmonates
(Schwager et al. 2017). Therefore, we next investigated if other
homeobox gene clusters have also been retained. Of the 45
homeobox gene families that are duplicated in P. tepidario-
rum, 40 families are represented by paralogs that are located
on different scaffolds, hereafter called dispersed paralogs.
Some of these dispersed paralogs are present as duplicated
clusters in the genome.
One homeobox cluster that is present across proto-
stomes and deuterostomes is the NK cluster (Garcia-
Fernandez 2005; Ferrier 2016). In P. tepidariorum, we iden-
tified scaffolds that contained duplicated remnants of this
cluster. There were two clusters that contained Nk7 and
Tlx/C15 paralogs, which have the same transcriptional
orientation on each scaffold (fig. 2A). Each of these clus-
ters also contained other ANTP class genes that are usu-
ally found in the NK cluster (Lbx, Bap, tin, Hhex, andMsx).
However, of these five genes only Msx is duplicated,
though the other two Msx paralogs are not located in
the NK clusters. This indicates differential retention/loss
between these duplicate NK clusters in P. tepidariorum.
We also identified other clusters of homeobox genes that
are duplicated and retained to various extent in P. tepidar-
iorum. There is evidence for a duplication of the SINE/Six
cluster on scaffolds #121 and #1185 (fig. 2B). This cluster,
found in both protostomes and deuterostomes, is usually
composed of three genes commonly arranged in the order
Optix, sine oculis (so), and Six4/5 (Ferrier 2016). On both
scaffolds there are so genes followed by one paralog of
Optix on scaffold #121 and the single Six4/5 gene on scaffold
#1185. There are also other paralogs of Optix in P. tepidario-
rum but they are dispersed in the genome. We also identified
clusters of ANTP, TALE, and LIM class genes. There are two
scaffolds that each contained two tandem paralogs of Emx
genes, and these clusters havemaintained the same transcrip-
tional orientation (fig. 2A). For the TALE class, two Irx/mirr
paralogs were identified on one scaffold and a single copy of
Irx was present on another scaffold along with Dmbx2 and
Ap3 (fig. 2C). We also identified a scaffold containing two
Lhx1/5 paralogs and another with a single copy of Lhx1/5
and one of the Hgtx paralogs (fig. 2D).
We also found eight homeobox families with tandemly du-
plicated paralogs: the BarH, Lhx5/9, Pax4/6, Prop, and Shox
families as well as the aforementioned mentioned Emx, Irx,
and Lhx1/5 families (fig. 2). These tandem duplicates were all
found in the same transcriptional orientation apart from the
Pax4/6 cluster. This means that of the retained duplicate ho-
meobox families, 50% were found as dispersed paralogs,
whereas only 6% have conclusively resulted from tandem
duplications. Collectively this implies that there has been a
FIG. 2. Homeobox gene clustering in the Parasteatoda tepidariorum genome. (A) Scaffolds containing at least two ANTP class genes. (B) Scaffolds
containing PRD and SINE class gene clusters. (C) Scaffolds containing the Irx family of the TALE class. (D) Scaffolds with Lhx1/5 family of the LIM
class. (E) Other scaffolds with at least two homeobox genes. All other homeobox genes were localized to individual scaffolds. The intergenic
distances are indicated in Mb. Parasteatoda tepidariorum DoveTail assembly scaffold numbers are to the left of each cluster. Arrows depict the
direction of transcription. Nonhomeobox genes are not shown.
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greater contribution of WGD than tandem duplication to the
expansion of arachnopulmonate homeobox repertoires.
Expression of Homeobox Genes in a P. tepidariorum
Embryogenesis
We next investigated the expression of homeobox genes in P.
tepidariorum by quantifying their levels in RNA-Seq data cov-
ering the first ten stages of embryogenesis of this spider. All
145 annotated homeobox genes were found to be expressed
in at least one of the ten embryonic stages assayed, with the
exception of Slou2 (fig. 3A and B).
There is an increase in the average expression of single
copy and duplicated homeobox genes from S1 to S2
(fig. 3C). The number of homeobox genes expressed >1
log2(RPKM) also increases between these first two stages,
especially in the case of themulticopy genes. This observation
is likely to be explained by the onset of zygotic transcription at
S2 (Pechmann et al. 2017). After S2 both the average expres-
sion level and number of genes expressed decreases to the
lowest levels around early S5 after which the number of genes
and the average expression also increases (fig. 3C).
Interestingly, one homeobox gene that is highly expressed
at S1 was Distal-less (Dll) (fig. 3B). This is much earlier than
previously reported at S5 (detected by ISH) and its roles in
segment specification and limb development (Pechmann
et al. 2011). Furthermore, expression of Pt-cad and Pt-eve
was also earlier detected at S1 and then increased at S2, again
earlier than previously detected using ISH (fig. 3B) (Schönauer
et al. 2016). Therefore, it is possible that Pt-Dll, Pt-cad, and
Pt-eve arematernally deposited in this spider and are involved
in presently unknown functions during early embryogenesis.
Expression Divergence of Duplicated P. tepidariorum
Homeobox Genes in the Embryonic Transcriptome
To assess the divergence in the expression of duplicated P.
tepidariorum homeobox genes, the RNA-Seq profiling was
then analyzed to compare the expression levels of dispersed
and tandem paralogs during embryogenesis in this spider
(fig. 3A).
The spatial and temporal expression of Hox paralogs in P.
tepidariorum was previously analyzed using ISH and showed
that Hox genes from both clusters are expressed in the clas-
sical collinear fashion across the AP axis (Schwager et al. 2017).
Interestingly, both the previous ISHs and our RNA-Seq pro-
filing reveal that one paralog of each Hox gene is always
expressed earlier than the other, except for the Pt-abdA paral-
ogs (Schwager et al. 2017). Overall, the timing of Hox expres-
sion in the RNA-Seq data matches well with onset of
expression detected by ISH (fig. 3A). However, both Pt-lab-
A and Pt-Dfd-A were highly expressed from S1 onward, indi-
cating earlier expression than detected by ISH (Pechmann
et al. 2015; Schwager et al. 2017). These results are consistent
with previous findings that P. tepidariorumHox paralogs have
probably been subject to subfunctionalization and/or neo-
functionalization (Pechmann et al. 2015; Schwager et al.
2017).
Other dispersed paralogs that were present in clusters
were the NK class families Nk7 and Tlx/C15 (fig. 2A). The
FIG. 3. Expression of homeobox genes in Parasteatoda tepidariorum from S1 to S10. The transcriptome profile of P. tepidariorumAUGUSTUS gene
models for (A) duplicated and (B) single copy Homeobox genes. (C) The average expression of all homeobox genes increases from S1 to S2, likely
corresponding to onset of zygotic transcription (Pechmann et al. 2017). The numbers of families expressed>1 log2(RPKM) also increase fromS1 to
S2. The mean expression level is lower and fewer families are expressed around S4/S5e. After which the mean expression level and number of
families continues to increase.
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Pt-Nk7 paralogs are both expressed at very low levels through-
out most of embryogenesis apart from S10 when they both
increase in expression (fig. 3A). The Pt-C15 paralogs, however,
exhibit divergence in their timing and level of expression, with
Pt-C15b showing increased expression around S7 to S10, com-
pared with Pt-C15a, which is barely expressed at any of the
ten stages (fig. 3A).
There were also several cases of dispersed (nonclustered)
paralogs, which have diverged in the level and timing of their
expression (fig. 3A). For example, Pt-Hth2 is expressed
throughout all ten stages, whereas Pt-Hth1 is only expressed
from S4 to S10 and these genes have demonstrably different
expression patterning during limb development in this spider
(Turetzek et al. 2017). Other dispersed paralogs that show
aspects of divergence including Pt-Gbx, Pt-Msx, Pt-Noto, Pt-
Arx, Pt-Onecut, Pt-Hmbox, and Pt-Zfh (fig. 3A), as well as the
en/Inv family. Pt-en is expressed at S7 in the RNA-Seq data
(fig. 3A), which is consistent with ISHs that show expression of
en starts at early S8 in forming segments in P. tepidariorum
(Schwager 2008). The Pt-Inv1 paralog shows similar expres-
sion, however Pt-Inv2 appears to be maternally loaded and
down regulated at S2 when zygotic transcription starts
(fig. 3A). Therefore, the timing of expression between Pt-en/
Pt-Inv paralogs suggests that they have diverged in function.
A few dispersed paralogs exhibited very similar expression
profiles such as Pt-Pitx, Pt-Phox, and Pt-Vvl (fig. 3A). However,
it is possible that expression difference may occur later in
development or during adult stages and this analysis does
not account for any differences in the spatial expression pat-
tern of these genes thatmay have occurred. This suggests that
overall there has been evolutionary changes in the cis-regu-
lation of most dispersed paralogs resulting in divergence in
expression levels and transcriptional timing between paralogs.
Divergence of Tandem Paralog Expression during
P. tepidariorum Embryogenesis
Tandem duplicates, like dispersed duplicates, also exhibit
both conserved and divergent expression profiles. The Emx
family contains four paralogs, of which pairs of paralogs are
found on two different scaffolds (fig. 2A). Paralogs Pt-Emx1
and Pt-Emx2 have similar expression, which increases from S6
to S10 (fig. 3A). In contrast the other two paralogs, Pt-Emx3
and Pt-Emx4, are both expressed later from S7/S8 to S10
(fig. 3A). There is some early expression of Pt-Emx4, however,
overall it appears that Pt-Emx paralogs that are on the same
scaffold have more similar expression profiles.
The Irx family is also represented by four paralogs, two
found in tandem (Pt-Irx1 and Pt-Irx2) and two dispersed
(Pt-Irx3 and Pt-Irx4) (fig. 2C). The tandem duplicates are
both expressed only at S10 (fig. 3A), while Pt-Irx3 is expressed
only at S3 and the Pt-Irx4 paralog is expressed from S2 to S10
at fairly consistent levels (fig. 3A).
The Lim1/5 family is represented by two paralogs on one
scaffold and a third paralog on a separate scaffold (fig. 2D).
The two Pt-Lim1/5 paralogs on the same scaffold had very
similar expression, with low levels at S3 but stronger expres-
sion at S10 (fig. 3A). In contrast the single Pt-Lim1/5 paralog
on the other scaffold was expressed from S7 to S10 (fig. 3A).
The remaining tandem duplicates, Pt-BarH, Pt-Prop, and
Pt-Shox, all showed divergent expression between paralogs
(figs. 2A and B and 3A). For example, the Pt-BarH1 paralog
is strongly expressed from S1 to S6, whereas the other paralog
appears to be expressed only in S1 and then again at S10
(fig. 3A).
Comparison of Duplicated P. tepidariorumHomeobox
Gene Expression with Single Copy Orthologs in
P. opilio
To polarize the expression patterns of duplicated homeobox
genes in a phylogenetic context, we analyzed the embryonic
expression patterns of a subset of duplicated homeobox gene
families in P. tepidariorum and compared the expression of
selected spider genes to their single copy orthologs in P. opilio.
The Msx family provides a likely example of neofunctiona-
lization in the spider (fig. 4A–F). The likely ancestral expres-
sion pattern of this gene, possibly represented by Po-Msx, is
mostly maintained in Pt-Msx1 (fig. 4A–D). Pt-Msx2 has prob-
ably gained a new expression domain in the chelicerae
(fig. 4E). Pt-Msx3 is also expressed in a conserved pattern at
the base of the prosomal appendages (fig. 4F).
While we observed an apparent case of neofunctiona-
lization in the Msx family there were several families (Emx,
Irx, Pitx, Zfh, and Cux) that appear to have undergone sub-
functionalization. In the Emx family, the expression pattern of
the single copy of Po-Emx is subdivided between the four
paralogs found in P. tepidariorum (fig. 4G–M0). Expression
of the tandem paralogs Pt-Emx1 and Pt-Emx2 was observed
in stripes in the anterior of each opisthosomal segment and
Pt-Emx2 also has expression at the base of prosomal appen-
dages. In contrast, both Pt-Emx3 and Pt-Emx4 are expressed in
the precheliceral segment and in patches in each segment
along the ventral midline, which collectively form a similar
expression seen for Po-Emx (fig. 4G0 and J–M0). Therefore,
expression of Pt-Emx paralogs is most similar between the
tandem paralogs (fig. 3A) consistent with the RNA-Seq pro-
files of these genes in P. tepidariorum. Nevertheless, some
differences are still present between tandem duplicates,
mostly in their prosomal appendage domain.
Another likely case of subfunctionalization occurs in the Irx
family (fig. 4N–T0). In this family, Pt-Irx1, Pt-Irx2, and Pt-Irx4
appear to have subdivided the expression pattern between
them compared with Po-Irx (fig. 4N–P0). Pt-Irx1 and Pt-Irx4
have very similar expression domains, with expression in
patches in the precheliceral segment and along the anterior
boarder of prosomal and opisthosomal segments (fig. 4Q, Q0,
T, and T0). However, Pt-Irx4 expression extends more laterally
in the opisthosomal segments, compared with Pt-Irx1.
Furthermore, the onset of Pt-Irx4 expression is earlier and
continues until later in embryogenesis compared with Pt-
Irx1. The other expression domain of Po-Irx around the dorsal
boundary edge of the germ band is shared with the Pt-Irx2
paralog. Finally, Pt-Irx3 has possibly gained a completely new
domain in the prosomal appendages of later stages and there-
fore possibly represents another case of neofunctionalization
in P. tepidariorum (fig. 4S).
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FIG. 4. Expression of Parasteatoda tepidariorum paralogs compared with single copy orthologs in Phalangium opilio. Expression patterns ofMsx
(A–F), Emx (G–M0), Irx (N–T0), Pitx (U–Z00), Zfh (a–h), andCux (i–k0) genes in P. tepidariorum (blue boxes) and P. opilio (red boxes). The early striped
expression of Po-Msx (A) matches that of Pt-Msx1 (C), indicated by black arrows. The patches of Po-Msx expression (B0) in each segment along the
ventral midline are similar to Pt-Msx1 (D), shown with orange arrows. Expression of Po-Msx and Pt-Msx3 (B, B0 and F) are similar in the region
around the base of the appendages (yellow arrows). Pt-Msx2has undergone possible neofunctionalization (E, purple arrows), with expression in the
chelicerae that is not seen for Po-Msx. There is similar expression of Po-Emx (K) in the lateral parts of the opisthosoma compared with Pt-Emx1 (H)
and Pt-Emx2 (I), shownwith yellow arrows. The expression of Po-Emx around the base of the appendages is only seen for Pt-Emx2 (I0), black arrows.
The other two P. tepidariorum paralogs, Pt-Emx3 and Pt-Emx4, both have expression in the precheliceral region and in patches along the
ventral midline, which is also present in P. opilio (G0 and J–M0), indicated by orange arrows. The Po-Emx expression in the limbs (J and K) is
Leite et al. . doi:10.1093/molbev/msy125 MBE
2246
For the single copy of Po-Pitx (fig. 4U–W0), expression dur-
ing embryogenesis was observed in the precheliceral region,
which closely resembled the expression of Pt-Pitx2 in
precheliceral region of this spider (fig. 4Y and Z). Other ex-
pression domains of Po-Pitx around the stomodeum and the
patches along the ventral midline were shared between the
Pt-Pitx paralogs (fig. 4X–Z00), indicating possible subfunctiona-
lization of Pt-Pitx paralogs.
The Pt-Zfh paralogs have also undergone expression diver-
gence (fig. 4e–h) such that they represent subfunctiona-
lization compared with Po-Zfh expression (fig. 4a–d). Po-Zfh
expression initially starts along the ventral midline of the
germ band with emerging expression within the opisthoso-
mal appendages (fig. 4a–b0). This expression is mirrored by
the Pt-Zfh1 paralog (fig. 4e0), whereas the expression of Pt-Zfh2
matches that of later Po-Zfh expression, with bands of expres-
sion in the limbs and faint expression surrounding the coxa
and opisthosomal organs (fig. 4d and h).
Po-ct expression has also probably been subfunctionalized
between Pt-ct paralogs (fig. 4i–k0). Po-ct is expressed in the tips
of the prosomal appendages and at the very posterior of the
germ band matching the expression of Pt-ct1, while the ex-
pression of Po-ct in the mesoderm of prosomal appendages,
and opisthosoma matches Pt-ct2 expression (fig. 4i–k0).
We also found that expression of Hmx paralogs in P. tepid-
ariorum were highly divergent and again these paralogs per-
haps represents an additional example of subfunctionalization
(supplementary fig. 2I–K, Supplementary Material online). Pt-
Hmx1 is mainly expressed in the prosomal appendages while
Pt-Hmx2 is expressed in a pair of cell clusters in the precheliceral
region (supplementary fig. 2I–K, Supplementary Material
online).
Loss of embryonic expression was found in three of the ten
families analyzed (Gbx, Dbx, and Vnd), where one paralog has
retained the likely ancestral pattern as compared with P. opilio,
while the expression of the other could not be detected during
P. tepidariorum embryogenesis by ISH (supplementary fig. 2A–
H0, SupplementaryMaterial online). Additionally, in the case of
Pt-Gbx2, only the prosomal appendage expression observed in
Po-Gbx is conserved (supplementary fig. 2C–E, Supplementary
Material online), while this gene has also possibly gained a
novel expression domain in the opisthosomal limb buds (sup-
plementary fig. 2F, Supplementary Material online). It remains
possible that the paralogs for which we did not detect expres-
sion during embryogenesis are expressed later during juvenile
or adult stages.
Discussion
Homeobox Gene Repertoires in Chelicerates
Homeobox genes encode an important group of transcrip-
tion factors that regulate a wide range of developmental pro-
cesses (Zagozewski et al. 2014; Bataille et al. 2015; Du and
Taylor 2015; Zuniga 2015; Krumlauf 2016). Consequently
they have received substantial attention and are often
characterized and compared within and between animal
genomes to better understand their evolution and develop-
ment. Among arthropods, the insects have been sampled the
most extensively and robustly, but there has been limited
characterization of these genes in other arthropod groups.
For example, among the chelicerates, systematic analysis of
the homeobox gene repertoires has only been carried out
previously for horseshoe crabs and the scorpionM. martensii
(Di et al. 2015; Kenny et al. 2015). Therefore, in order to better
understand the homeobox repertoires in chelicerates, we sur-
veyed the two spiders P. tepidariorum and P. phalangioides;
another scorpion, C. sculpturatus; the pseudoscorpions N.
carcinoides, Hesperochernes sp.; the harvestman P. opilio,
and the tick I. scapularis.
Overall we found a similar complement of homeobox clas-
ses and families verifying that chelicerates share and have
retained similar homeobox repertoires to other arthropods
(fig. 1). However several families were observed that are pos-
sibly specific to scorpions (Nk8 and Six7), and the Nedx family
in spiders was not found in other arachnids except one of the
pseudoscorpions. These particular families may therefore reg-
ulate lineage specific features during scorpion and spider de-
velopment. Furthermore, the Barx family, which is found in
chelicerates but not in other arthropods, may coordinate
specific aspects of chelicerate development.
Aside from the incomplete data set from the pseudoscor-
pions and the harvestman, we found the fewest homeobox
FIG. 4. Continued
similar to Pt-Emx4 (M andM0), purple arrows. The expression of Po-Irx in the precheliceral region (N,O, and P) is seen for Pt-Irx1 (Q) and Pt-Irx4 (T),
shown by yellow arrows. These two paralogs also have expression in the opisthosoma (Q0 and T0), which matches Po-Irx (N0 , O0 and P0), black
arrows. The expression of Po-Irx around the germ band (P and P0) can be seen for Pt-Irx2 (R and R0), indicated by orange arrows. There is possibly
more elaborate expression of Pt-Irx3 (S and S0) in the limbs compared with Po-Irx (P), shown by purple arrows. Pt-Pitx1 and Pt-Pitx2 expression
along the ventralmidline (X0 , Y0 and Z0), which in combination are similar to that seen for Po-Pitx (V00 andW0) (purple arrows). Expression of Po-Pitx
in the precheliceral anterior furrows (U, V, andW, yellow arrows) is seen for Pt-Pitx2 (Y and Z, yellow arrows). However the small dots of Po-Pitx
expression around the stomodeum (V, black arrows) is shared between the two Pt-Pitx paralogs (X and Z, black arrows). Expression of Po-Zfh along
the ventral midline (a–c0) is seen for the Pt-Zfh1 paralog (e–f00). The later expression of Po-Zfh in the distal tips of limbs (b and d, orange arrows), in
bands along the limbs (d, purple arrows) and faint expression throughout the embryo ismirrored by Pt-Zfh2 (g and h). The expression of Po-ct (i–i00)
has clearly subfunctionalized in P. tepidariorum with Pt-ct1 having expression in distal tips of limbs (j, yellow arrows) and in the posterior of the
germ band (j0, orange arrows). The expression of Pt-ct2 (k and k0) resembles the striped expression of Po-ct in the opisthosoma (i00) and in the
mesoderm of the appendages (i0), indicated by black arrows. All embryos are orientated with the anterior to the left. Images within a box are
different views of the same embryo. Images H and h are flat mounted embryos. One side of the prosoma has been removed in (h) to aid flat
mounting. Opisthosomal limbs have been dissected from P. opilio in (d).
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families in the tick I. scapularis indicating that they have either
been lost in this arachnid or there is incomplete sequence
information for all families. However, the lineage of parasiti-
forms, and their putative sister group, the acariforms, also
exhibit a greater loss of conserved miRNA families compared
with other arachnid lineages (Leite et al. 2016). Mite genomes
in particular can exhibit marked genome compaction, dy-
namic rearrangements of homeobox clusters, and associated
loss of many transcription factors (Hoy 2009; Grbic et al.
2011). Therefore it is likely that there is actual loss of homeo-
box genes in I. scapularis. Interestingly, we also observed long-
branch lengths for several tick homeodomains, but it is not
known if these functional changes are related to the loss of
genes, to rapid evolution of gene function, or to the under-
lying accelerated rate of evolution inherent to this order
(Sharma, Schwager, et al. 2014). Note that while we found
only a few families in the two pseudoscorpion species, this
likely reflects their representation in the transcriptomes
analyzed rather than true losses in this lineage.
Expansion of Homeobox Genes after WGD in the
Ancestor of Arachnopulmonates
Previous work identified duplicated homeobox genes in che-
licerates (Nossa et al. 2014; Di et al. 2015; Kenny et al. 2015),
such as Hox genes in spiders and scorpions (Schwager et al.
2007; Sharma, Schwager, et al. 2014; Sharma et al. 2015), as
well as other homeobox genes involved in spider eye devel-
opment (Samadi et al. 2015; Schomburg et al. 2015). However,
apart from a scorpion and horseshoe crabs there was no
previous systematic analysis of homeobox duplication in che-
licerates and in particular how these repertoires have been
shaped by WGD in the ancestor of arachnopulmonates.
We found many more duplicated homeobox families in
arachnopulmonate species (51–59%) compared with other
arthropods surveyed, including I. scapularis (24%), P. opilio
(3%), pseudoscorpions (19% and 6%), and several mandibu-
lates (19%) (fig. 1). Indeed, the proportion of duplicated ho-
meobox families found in P. tepidariorum or C. sculpturatus is
greater than found in either the BUSCO (41%) or OMA
(20.5%) data sets (Schwager et al. 2017). In fact 18 homeobox
families were represented by two paralogs in all four arach-
nopulmonates but were only single copy in all other arthro-
pods surveyed. This makes up a considerable proportion of
the 63–78 duplicates identified in P. tepidariorum and
C. sculpturatus compared with mandibulates and ticks with
respect to the BUSCO-Ar database.
It was previously shown that two clusters of Hox genes
have been retained in arachnopulmonates following WGD,
whereas only one Hox cluster with single copies of most Hox
genes is found in P. opilio, I. scapularis, and T. urticae (Sharma
et al. 2012; Pace et al. 2016). Indeed this appears to be a
general consequence of WGD: there are two complete and
two partial clusters of Hox genes in horseshoe crabs (Nossa
et al. 2014). In addition, in vertebrate lineages multiple clus-
ters of Hox genes have been produced by severalWGD events
(Hoegg and Meyer 2005; Mungpakdee et al. 2008; Pascual-
Anaya et al. 2012).
We also found evidence for the duplication of clusters of
other homeobox genes in arachnopulmonates in the form of
duplicated ANTP (NK cluster), SINE, TALE, and LIM class
genes (fig. 2A, C, and D). The inferred ancestral order of
arachnopulmonate NK cluster genes (Nk7, Lbx, Tlx, bap, tin,
Msx) is consistent with their predicted order in the proto-
stome–deuterostome ancestor (Garcia-Fernandez 2005;
Ferrier 2016), requiring just an inversion containing Lbx and
Tlx (fig. 2A). Other ANTP class genes in P. tepidariorum are
also clustered, which is suggestive of remnants of the mega
cluster, however these were not retained as duplicates (fig. 2).
A HRO cluster containing Hbn, Rax2, and Otp was also pre-
sent, and provides further evidence, along with data from S.
maritima, that this cluster is a feature of arthropods and other
protostomes (fig. 2B) (Mazza et al. 2010; Chipman et al. 2014;
Ferrier 2016). However, the order of the three genes in P.
tepidariorum is different to other arthropods, suggesting
that there has been an inversion in the lineage leading to
this spider (Mazza et al. 2010).
In insects and myriapods, the SINE/Six cluster has de-
graded and all three genes are dispersed in the genome
(Chipman et al. 2014; Ferrier 2016). This suggests that the
SINE/Six cluster was present in the arthropod ancestor and
then has subsequently been degraded in mandibulates but
retained in chelicerates. The clusters of ANTP, PRD, SINE,
TALE, and LIM class genes in P. tepidariorum suggests that
spiders have retained many features of the hypothetical clus-
tering of homeobox genes in the bilaterian ancestor (Ferrier
2016). Furthermore, several of these clusters are duplicated
and there are different patterns of gene loss/retention and
rearrangements, for example, fewer genes have been lost in
the Hox cluster compared with the NK cluster.
Retention of gene duplicates in arachnopulmonates has
also been observed for other important developmental genes
including Wnts and frizzled4, and dachshund (dac), as well as
venomand silk genes (Schwager et al. 2007, 2017; Janssen et al.
2010, 2015; Haney et al. 2014, 2016; Clarke et al. 2015;
Pechmann et al. 2015; Samadi et al. 2015; Schomburg et al.
2015; Turetzek et al. 2016, 2017). Furthermore, miRNAs are
also pervasively duplicated in arachnopulmonate genomes
(Leite et al. 2016). This suggests that the retention of dupli-
cated homeobox genes and other developmental toolbox
genes after WGD in arachnopulmonates has played an im-
portant role in the evolution of development of these ani-
mals. The high rate of retention of duplicated homeobox
genes after WGD in arachnopulmonates is similar to that
observed after the two rounds of WGD in vertebrates
(Dehal and Boore 2005; Maere et al. 2005; Holland et al.
2008; McGrath et al. 2014; Schwager et al. 2017). Indeed
most of the homeobox gene families duplicated in arachno-
pulmonates are also duplicated in vertebrates, but interest-
ingly the Noto, Drgx, Hmbox families are only duplicated in
the former (supplementary fig. 3, Supplementary Material
online) (Zhong et al. 2008; Zhong and Holland 2011). This
indicates that arachnopulmonates and vertebrates have in-
dependently retained and utilized duplicated copies of these
important transcription factors and this likely contributed to
the developmental evolution, novel phenotypes, and
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adaptation of these two phyla. Furthermore, families that
were only present as single copies in vertebrates and arach-
nopulmonates were Bsx, Hlx, and Mkx, which indicates that
these families fail to retain duplicates in both lineages after
WGDs. An intriguing counterpoint for future investigation is
therefore horseshoe crabs, which have been shown to have
likely undergone two rounds of WGD, but exemplify mor-
phological external stasis and evolutionary relictualism
(Sharma, Schwager, et al. 2014; Kenny et al. 2015; Schwager
et al. 2017).
Divergence in the Expression of Homeobox Paralogs
How has the ancestral WGD in arachnopulmonates contrib-
uted to their evolution and the development of lineage spe-
cific features? It has already been shown that one paralog of
dac in the spider has a distinct and novel role (by comparison
to the ancestral function of this gene within Arthropoda),
being responsible for patterning the distal boundary of the
arachnid-specific podomere, the patella (Turetzek et al. 2016).
Furthermore, the arrangement of structures in the opistho-
soma of scorpions coincides with the staggered expression of
paralogous Hox gene expression (Sharma, Schwager, et al.
2014), suggesting that divergences in Hox paralogs may in
part be responsible for innovations of the scorpion body.
Moreover, the Hox paralogs of spiders have also divergences
in their temporal and spatial expression (Schwager et al. 2007,
2017), while other homeobox paralogs also show differential
expression among the developing eyes (Samadi et al. 2015;
Schomburg et al. 2015).
In our study we did not identify any homeobox gene
paralogs in P. tepidariorum with the same temporal expres-
sion profile (fig. 3A), and ISHs on a subset of paralogs also
showed divergence in the spatial expression between P. tepid-
ariorum paralogs. Comparisons of gene expression of P. tepid-
ariorum paralogs with their single copy ortholog in P. opilio
suggest that most of the surveyed paralogs have likely under-
gone subfunctionalization, usually in the developing appen-
dages and nervous system. The P. tepidariorum Msx genes
have also apparently been subject to possible neofunctiona-
lization in the case of Msx2 in developing chelicerae.
The expression of Pitx and Zfh genes between P. opilio and
P. tepidariorum, in conjunction with their known expression
in Drosophila, provide particularly strong evidence for sub-
functionalization. In Drosophila, Pitx is expressed in several
tissues including a subset of ventral somatic muscles and in
neural cells (Vorbrüggen et al. 1997). These expression pat-
terns in Drosophila are consistent with Po-Pitx expression
(fig. 4), suggesting that this expression pattern is ancestral.
In P. tepidariorum, both Pitx paralogs also show metameric
patterning along the ventral neuroectoderm, with Pt-Pitx1
most similar to the Drosophila and P. opilio CNS expression
and Pt-Pitx2 showing both CNS and mesodermal expression
(fig. 4U–Z00).
The expression patterns of Zfh in Drosophila and P. opilio
are also very similar, again implying the ancestral expression of
this gene (fig. 4a–d). Early expression of the Drosophila Zfh2
ortholog is seen in the brain and ventral CNS (Lai et al. 1991),
with later expression seen in leg imaginal discs as an initially
broad domain at the centre of the disc that develops into
rings of expression in each leg segment and in a domain
throughout the tarsus (Guarner et al. 2014). These patterns
are similar to that seen for P. opilio (fig. 4a–d). However in P.
tepidariorum, early CNS expression and later limb expression
has been divided between the Zfh paralogs. Pt-Zfh1 is strongly
expressed in the CNS and initial limb buds, while Pt-Zfh2 is
observed in the later pattern expression in rings and at the
distal tips of the limbs (fig. 4e–h). This expression divergence
observed for the Pitx and Zfh paralogs exemplify the pervasive
temporal and spatial subfunctionization of genes that has
likely occurred in the spider and probably other
arachnopulmonates.
Conclusion
Our study has revealed the first comparative genomic picture
of the repertoires of homeobox genes in arachnids. This
shows that there has been a high level of gene retention of
these developmental genes since the WGD in the common
ancestor of arachnopulmonates. Furthermore, most of the P.
tepidariorum homeobox gene paralogs exhibit differences in
their timing and spatial expression, and when compared with
their single copy homologues in P. opilio. This suggests there
has been pervasive subfunctionalization and/or neofunctio-
nalization of these genes since WGD. It will be interesting to
further investigate the roles of these genes in spider develop-
ment to ascertain their contribution to the evolution of de-
velopment and diversification of these arachnids, especially
with respect to emergence of novel traits including silk
glands and book lungs. Furthermore, future comparisons of
ohnologs between arachnopulmonates and vertebrates
should provide exciting new insights into the general conse-
quences of WGD in animals.
Materials and Methods
Identification of Homeobox Genes in Arachnids
To identify homeobox genes in arachnid species, we analyzed
both existing resources and also new transcriptomic data
generated in this study. Existing protein predictions were col-
lected for the tick Ixodes scapularis (PRJNA16232), the har-
vestman Phalangium opilio (PRJNA236471), and the
pseudoscorpion Hesperochernes sp. (PRJNA254752).
For further characterization of homeobox genes in arach-
nids we also generated de novo transcriptomes for the spider
Pholcus phalangioides and the pseudoscorpion Neobisium
carcinoides. For P. phalangioides RNA isolation, library prepa-
ration and sequencing with Illumina HiSeq2000 was previ-
ously described (Janssen et al. 2015). A de novo transcriptome
assembly (Turetzek N, Torres-Oliva M, Kaufholz F, Prpic NM,
Posnien N, in preparation) was performed with Trinity ver-
sion r20140717 (Haas et al. 2013) with the following settings:
–seqType fq –JM 240G – run_as_paired –CPU 6 and using
Trimmomatic for quality trimming and filtering (Bolger et al.
2014). For the pseudoscorpion N. carcinoides, RNA was
extracted from the whole body, sequenced with Illumina
HiSeqll and de novo assembly of the transcriptome was car-
ried out using Trinity v 2.0.3 (Grabherr et al. 2011) under
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default parameters and using Trimmomatic for quality con-
trol. The raw sequence reads for P. phalangioides and the
pseudoscorpion N. carcinoides have been deposited in the
SRA with accession numbers PRJNA448805 and
PRJNA438779, respectively.
Longest open reading frames (ORFs) were predicted from
the transcriptomes of P. phalangioides and the pseudoscor-
pion N. carcinoides as well as from the existing nucleotide
transcriptome of the harvestman P. opilio (PRJNA236471)
and the pseudoscorpion Hesperochernes sp. (PRJNA254752)
using TransDecoder v3.0.0 (Haas et al. 2013). To retain puta-
tive proteins the sequence homology and protein domains of
predicted ORFs were then analyzed, respectively, with
BLASTP v2.2.28þ (e-value 1e"6) (Altschul et al. 1990) using
the UniProt Swiss-Prot database (UniProt 2015), andHMMER
v3.1 (Wheeler and Eddy 2013) using the Pfam v30.0 database
(Finn et al. 2016).
The protein sequences from P. phalangioides, I. scapularis,
P. opilio, and the two pseudoscorpions were then searched for
the presence of homeodomain sequences using BLASTP
v2.2.28þ (Altschul et al. 1990) with query amino acid home-
odomain sequences from all ten species in HomeoDB (Zhong
et al. 2008; Zhong and Holland 2011) combined with homeo-
domain sequences from P. tepidariorum (Schwager et al.
2017), C. sculpturatus (Schwager et al. 2017), M. martensii
(Di et al. 2015), Strigamia maritima (Chipman et al. 2014).
All the initial BLASTP hits with >30% percentage identity
were retained. Next, the full protein sequences of the
BLASTP hits were then analyzed using the Conserved
Domain Database (CDD) search tool (Marchler-Bauer et al.
2015) to confirm the presence of homeodomains as well as
annotate other functional domains. BLASTP hits that did not
have homeodomains identified by CDD were removed.
Transcripts within a species that had identical protein
sequences predicted to encode homeodomains were manu-
ally checked and identical nucleotide transcripts or isoforms
were removed. Specific BLAST searches for PROS class genes
also identified a Pros gene (MMa30254) in M. martensii not
reported previously by Di et al. (2015). All identified homeo-
box genes and their sequences are given in supplementary file
1, Supplementary Material online. By concentrating on the
detection of homeobox genes based on the presence of
homeodomains some partial transcripts of homeobox genes
that lack this domain, or may have highly divergent homeo-
domains, may be missing in our data set.
Phylogenetic Analysis of Arachnid Homeodomains
The predicted homeobox genes were then classified based on
phylogenetic analysis of the homeodomain sequences they
encode. Amino acid sequences of homeodomains from two
spiders (P. tepidariorum and P. phalangioides), two scorpions
(C. sculpturatus and M. martensii) two pseudoscorpions
(Hesperochernes sp. and N. carcinoides), the harvestman P.
opilio, the tick I. scapularis, the myriapod (centipede) S. mar-
itima and three insects Apis mellifera, Tribolium castaneum,
and Drosophila melanogaster were aligned with ClustalW
(Larkin et al. 2007), excluding unusual PROS HPD sequences
and the Cs-Emx1 homeodomain because it has a large
insertion.
Phylogenetic analyses, using only unique homeodomain
sequence alignments, were performed in RAxML, with sup-
port levels estimated using the rapid bootstrap algorithm
(1000 replicates) (Stamatakis et al. 2008), under the
PROTGAMMALG model of amino acid substitution—that
was identified as best fitting using a custom Perl script from
the Exelixis Lab website (https://sco.h-its.org/exelixis/web/
software/raxml/hands_on.html). Homeodomain proteins
were classified based on the homology of their homeodo-
mains to known homeodomain containing proteins and an-
notated with nomenclature following that of Holland et al.
(2007).
Synteny Analysis of Homeobox Genes in
P. tepidariorum
To investigate the arrangement of homeobox genes in P.
tepidariorum we used the high quality HiRise/DoveTail ge-
nome assembly (Schwager et al. 2017). The scaffold location
and coordinates of the previously identified homeobox genes
(Schwager et al. 2017) were extracted from the GFF file, which
contains coordinates of AUGUSTUS gene models relative to
the HiRise/DoveTail genome, and were used to calculate the
gaps between genes.
Analysis of Homeobox Gene Expression in
P. tepidariorum Embryogenesis
Homeobox gene expression levels were analyzed during P.
tepidariorum embryogenesis using RNA sequencing. RNA
was extracted using the Dynabeads mRNA DIRECT Kit
(Ambion) from 10–100 embryos of each successive develop-
mental stage (stage [S]1–S4, S5 early and S5 late, S6–S8 and
S10; Akiyama-Oda andOda 2003; Mittmann andWolff 2012).
Two replicate sets of mRNAs were independently obtained
from two pairs of parents. The mRNAs were fragmented us-
ing the NEBNext RNase III RNA FragmentationModule (New
England BioLabs) and then used to construct DNA libraries
with the NEBNext Ultra Directional RNA Library Prep Kit for
Illumina (New England BioLabs) and NEBNext Multiplex
Oligos for Illumina (Index Primers Set 1, New England
Biolabs). The libraries were sequenced using the 150-cycle
format of the Illumina MiSeq Reagent Kit v3. The resulting
sequence reads were subjected to adaptor trimming using the
CLC Genomics Workbench 7.0.3 (Qiagen), and quality of the
sequences was confirmed with FastQC v0.11.2 (Andrews
2011). The trimmed raw reads have been deposited in the
SRA with accession number PRJNA448775 (Iwasaki-
Yokozawa et al. 2018). Replicates for each stage were aligned
to the P. tepidariorum reference transcriptome (Schwager
et al. 2017) using TopHat v2 (Kim et al. 2013). Outputs files
were sorted and indexed with Samtools v1.2 (Li et al. 2009)
and RPKM expression levels were quantified using HTSeq-
count (Anders et al. 2015) and custom Perl scripts.
Heatmaps were generated in R v3.2.3 (R Core Team 2015)
using the ComplexHeatmap package (Gu et al. 2016).
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Parasteatoda tepidariorum and P. opilio Cultures
An inbred culture of P. tepidariorum (from a strain collected
in Göttingen, Germany) was maintained at Oxford Brookes
University and fed on a diet of Drosophila vestigial mutants
and Gryllodes sigillatus, with a 12:12 h light:dark cycle at 25!C.
The culture of P. opilio was maintained at the University of
Wisconsin, Madison, WI and fed on a diet of fish flakes sup-
plemented with Acheta domesticus nymphs, with a 14: 10
light: dark cycle at 20!C.
Cloning of Gene Fragments and Probe Synthesis
cDNA was generated using QuantiTech (Qiagen) with RNA
extracted (Qiazol) from S1 to S14 P. tepidariorum embryos
and from S7 to S17 for P. opilio. Gene fragments were ampli-
fied by PCR and cloned into the TOPO-TA vector
(ThermoFisher Scientific). Primer sequences are provided in
supplementary table 1, Supplementary Material online. RNA
probes were transcribed with T3 (11031163001—Roche) or
T7 polymerase (10881775001—Roche), with DIG RNA label-
ing mix (11277073910—Roche), from PCR fragments gener-
ated from TOPO-TA clones following standard protocols.
In Situ Hybridization in P. tepidariorum and P. opilio
Colourmetric in situ hybridization (ISH) for P. tepidariorum
and P. opilio was performed as previously described
(Akiyama-Oda and Oda 2003; Sharma et al. 2012). Embryos
were counterstained with DAPI (Roche—10236276001) for
"20 mins to visualize nuclei. Embryos were imaged using a
Zeiss Axio Zoom V.16 and a Nikon SMZ25, and overlays were
generated in Photoshop CS6.
Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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